
NASA Technical Memorandum 107329

Multi-Dimensional Measurements of Combustion

Species in Flame Tube and Sector Gas
Turbine Combustors

Yolanda Royce Hicks
Lewis Research Center

Cleveland, Ohio

October 1996

National Aeronautics and

Space Administration





MULTI-DIMENSIONAL MEASUREMENTS OF COMBUSTION SPECIES IN

FLAME TUBE AND SECTOR GAS TURBINE COMBUSTORS

By

Yolanda Royce Hicks

A DISSERTATION

Submitted to

Michigan State University

in partial fulfillment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY

Department of Mechanical Engineering

1996





ABSTRACT

MULTI-DIMENSIONAL MEASUREMENTSOFCOMBUSTIONSPECIESIN
FLAME TUBE AND SECTORGASTURBINE COMBUSTORS

By

YolandaRoyceHicks

The higher temperatureand pressurecycles of future aviation gas turbine

combustorschallengedesignersto producecombustorsthatminimize their environmental

impact while maintaininghigh operatingefficiency.The developmentof low emissions

combustorsincludesthereductionof unburnedhydrocarbons,smoke,andparticulates,as

well as the reductionof oxides of nitrogen (NO×). In order to better understandand

control the mechanismsthat produceemissions,toolsareneededto aid thedevelopment

of combustorhardware.

Current methods of measuring species within gas turbine combustors use

extractivesamplingof combustiongasesto determinemajor speciesconcentrationsand

to infer the bulk flame temperature.Thesemethodscannotbe usedto measureunstable

combustionproductsandhavepoor spatialandtemporalresolution. The intrusivenature

of gassamplingmayalsodisturbtheflow structurewithin acombustor.

Planar laser-induced fluorescence (PLIF) is an optical technique for the

measurementof combustionspecies.In additionto its non-intrusivenature,PLIF offers

theseadvantagesovergassampling:high spatialresolution,high temporalresolution,the

ability to measureunstablespecies,andthepotentialto measurecombustiontemperature.





This thesis considers PLIF for in-situ visualization of combustion species as a tool

for the design and evaluation of gas turbine combustor subcomponents. This work

constitutes the first application of PLIF to the severe environment found in liquid-fueled,

aviation gas turbine combustors. Technical and applied challenges are discussed.

PLIF of OH was used to observe the flame structure within the post flame zone of

a flame tube combustor, and within the flame zone of a sector combustor, for a variety of

fuel injector configurations. OH was selected for measurement because it is a major

combustion intermediate, playing a key role in the chemistry of combustion, and because

its presence within the flame zone can serve as a qualitative marker of flame temperature.

All images were taken in the environment of actual engines during flight, using actual jet

fuel. The results of the PLIF study led directly to the modification of a fuel injector.
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CHAPTER 1

INTRODUCTION

1,1 Background

The higher temperature and pressure cycles of future aviation gas turbine

combustors challenge designers to produce combustors that minimize their environmental

impact while maintaining high operating efficiency. The development of low emissions

combustors includes the reduction of unburned hydrocarbons, smoke, and particulates as

well as the reduction of oxides of nitrogen (NO×). The atmospheric sciences community

considers all such emissions to be important pollutants [Johnston et al 1989].

Atmospheric modelers are concerned about the levels of heavy hydrocarbons and their

role in stratospheric ozone depletion. Soot is believed to act as a nucleation site for cloud

formation, thereby possibly affecting local and global climatic activity. At lower

altitudes, particularly around airports, emittants of hydrocarbons are unsightly and

odorous, and smoke may contain carcinogens. NO× reduction is targeted because it is

believed to play a key role in the destruction of stratospheric ozone. Although higher

operating temperatures and pressures result in the greater thermodynamic efficiency

desired, NO× formation has an exponential dependence on combustion temperature

[Tacina 1990; Correa 1992].
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One strategyto overcomethis apparentdichotomy is to use a combustorthat

bums overall fuel-lean,which reducesthe combustiontemperature,therebyminimizing

NOx. While the ideais simple,implementationis not. Theliquid fuelmustvaporizeand

mix uniformly with the air. Non-uniform mixing provides opportunity for the local

fuel/air ratio to vary. The consequencescan be unevenburning, lower combustion

efficiency,higherNOx formation,flameinstability, andpossiblematerialsdegradationto

the combustorliner or turbinebladesbecauseof localizedhigh temperatureareas. This

exampledemonstratesthatan improvedunderstandingof the combustionprocessat these

operatingconditionsis necessary.

Engine manufacturersuse modeling to aid in the developmentof combustors.

Includedaremodelsthat reflect theturbulentprocessesencounteredin real systems,from

fuel injection [DeurandCline 1996],to mixing [Bain et al 1995; Oechsle and Holdeman

1995] to phenomena within the combustion chamber itself [Hu and Prociw 1993;

DiMartino et al 1993; Mongia 1993; Rizk and Mongia 1993]. Detailed combustion

mechanisms are highly complex. The models include thermochemistry, transport

properties, elementary reactions, and systematic optimization. They are omnivorous

consumers of computer processor time and memory. For this reason, modelers attempt to

reduce the reaction mechanism to as few steps as possible while mimicking the observed

chemistry. Mechanistic refinement requires information about key reactions and

combustion intermediates.

Combustion modelers are interested in hydroxyl (OH) as a major combustion

intermediate and because of its importance in the thermal NO formation mechanism
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[Miller and Bowman 1989]. Combustordesignersare interested in OH as well,

particularlyasa flamezonemarker. OH providesa relativescaleof temperaturebecause

its presenceindicateswherecombustionoccursand,therefore,whereheatis released.In

additionto its importancein thethermalNOxformationmechanism,temperatureplaysa

key role in enginelifetime. Thespatialdistribution of temperatureis importantbecause

radiative and convective heat transfer affect the survivability and lifetime of key

combustorsubcomponents,suchasthedomeand liner. Hot spotscanplay a deleterious

role at the combustorexit by harmingtheturbinematerial. A non-uniform temperature

distribution is also evidence of poor mixing of the fuel and air within the combustor.

Good mixing is a key factor in achieving high combustor performance and efficiency

[Lee et al 1993; Lefebvre 1983].

Established methods of analyzing combustion performance use gas sampling to

measure CO, CO2, H20, 02, NO, NO2, and unburned hydrocarbons. However, standard

gas analysis instruments cannot directly probe the combustor to reveal flame structure or

to see the underlying processes that lead to good or bad efficiency. Significant kinetics

information is lost as well because physical probes can measure only stable species.

Laser-based diagnostic techniques have demonstrated the capability to supply

nonintrusive information on such diverse parameters as species concentration,

temperature, velocity, and pressure. Of these methods, planar laser-induced fluorescence

(PLIF) offers the potential to acquire spatially resolved species and temperature

measurements in combusting environments, which are of considerable value to research

in advanced gas turbine combustor design.
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PLIF of OH is a logical tool to aid in the development of gas turbine combustors.

While PLIF is typically more qualitative than quantitative, two-dimensional images are

important in design because they provide a picture of some property of the flowtield that

shows relative changes with a high degree of spatial resolution. Data presented in this

form can often be more easily interpreted than quantitative data that are not spatially

resolved.

Two challenges exist. The first is to implement the PLIF technique in an

environment previously untried: a realistic high temperature, high pressure gas turbine

combustor that simulates expected operating conditions. The second is to demonstrate

that the data obtained can positively affect combustor and fuel injector design (in both the

hardware evaluation and model validation arenas) to assess parameters such as pressure,

temperature, and geometry on emissions reduction and gas turbine combustor

performance.

1,2 Contents of Thesis

Chapter 2 reviews past work in laser diagnostics for combustion, for measurement

of species and temperature. A brief theoretical foundation is also presented.

The combustor subcomponent test facility and hardware are described in Chapter

3. The optical systems used for PLIF imaging of OH are described, and general

procedures are outlined.

Chapter 4 presents images of hydroxyl radical (OH) obtained in a high

temperature, high pressure flame tube. The flame tube bums jet fuel at flow rates and
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inlet temperatures that will be used in the next generation of aircraft combustors. These

are the first such images obtained under conditions that simulate an actual aviation gas

turbine combustor. The images were used to influence an actual design.

Chapter 5 presents images of OH from an idealized gas turbine combustor sector

in which the flame structure immediately downstream of the fuel injectors is examined.

An examination of the interferences to the fluorescence signal is included.

The conclusions of the entire investigation are summarized in Chapter 6.

Recommendations are also made for further work.



CHAPTER2

LITERATURE REVIEWAND THEORY

2.1 Backgrol_ld

Laser-based diagnostic techniques have demonstrated the capability to supply

nonintrusive information on such diverse parameters as species concentration,

combustion temperature, velocity, and pressure [Penner et al 1984; Laurendeau 1988;

Kohse-H6inghaus 1994]. However, most of these tools have been used to study small

laboratory scale burners and have not been used in a true diagnostic sense on real

combustor subcomponent hardware to affect design.

A major goal of this work is to use laser techniques as an applied tool for the

design and evaluation of realistic gas turbine combustor concepts (i.e., as a diagnostic

tool) as well as a tool for more basic research. Practical consideration in the selection of

an appropriate diagnostic technique includes the size and mobility of equipment and

simplicity in its application. Other factors include the time that it takes to acquire data

and the cost of equipment. Of major importance is the likelihood of success.

The measurement of minor combustion species and temperature is the effort's

primary objective, and general flame and flow visualization are secondary goals. Major

species were not considered in this study, as we are satisfied with the existing gas

sampling methods for their analysis. These data should allow the assessment of

6
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combustorhardwareand supportvalidation of existing codesthroughthe variation of

suchparametersastemperatureandpressure.

Two-dimensional methods were selected over pointwise methods. Flow

visualizationsareusefulin gasturbinecombustordevelopmentbecausethey provide the

designerwith a pictureof theflowfield that showsrelativespatialchanges,generallyat the

expenseof quantification. Sincethedatais seentwo- or three-dimensionally,it canyield

informationthatis easierto interpretthanthatobtainedin apointwisemanner.An example

of the benefitsof two-dimensionalmethodscanbe found in Hanson's[1986] review of

planarimagingtechniques.

Planar laser-inducedfluorescence(PLIF) spectroscopywas selected as the

primary measurementtechniquein thesestudiesbasedon the goalsof the work and the

limitationsof thefacilities.

2,2 Selection of Primary Technique

The species-specific laser techniques that were considered included spontaneous

Raman scattering, coherent anti-Stokes Raman spectroscopy (CARS), and laser-induced

fluorescence (LIF). The theory for these techniques is comprehensively reviewed by

Eckbreth [1988]. Another method which is not species-specific, but which has useful

application in the measurement of combustion temperature, is Rayleigh scattering.

Of the four techniques listed, Rayleigh scattering, which is elastic scattering

(excitation wavelength = detection wavelength), is the simplest to implement and has

been used for bulk temperature imaging in gaseous systems [Lock et al 1992; Stepowski
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and Cabot 1992;Zhao and Hiroyasu 1993]. However, it is not applicablein multiple

phaseflows or in sootingor otherwise"dirty" environments,suchas the presentstudy

entails.

Ramantechniquescan be usedto measuretemperatureand major combustion

speciessuchas H20, CO2,N2, and molecularfuel components. SpontaneousRaman

[Dibble et al 1987; Cheng et al 1992] is subject to interferences from soot incandescence,

which when coupled with its low yield, limits its application to point and linear

applications in relatively clean environments.

CARS has the positive attribute that it can be applied in dirty environments to

quantitatively measure temperature

Eckbreth 1990; Eckbreth 1980].

and major combustion species [Anderson and

It has been successfully used in high pressure

environments [Kajiyama et al 1982]. One drawback to CARS is that it is a pointwise

technique, so considerable time must be spent to provide spatial temperature and

concentration distributions. Another drawback is that it involves a complicated setup that

requires two laser beams to cross (forming the probe volume) within the flowfield. For

this application, system alignment and beam steering are problematic and possibly

uncorrectable once a test begins. Anderson et al [1986] describe a mobile and rugged

CARS instrument which might be applicable, with modification, to the facility used for

this study.

LIF is used to measure minor combustion species, such as OH, CH, NO, and O.

Of all the methods considered, it is the only one capable of probing unstable species.

Some major species are also accessible, for example 02 [Lee et al 1987; Kim et al 1991].
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It hasbeenextendedto planarimaging(PLIF), andhasbeenusedto measuretemperature

via thermally-assisted[Joklik 1992]andtwo-line techniques[Cattolica 1981; Lee et al

1993]. LIF has been used in high pressure systems [Carter et al 1990; Reisel et al 1995].

The LIF signal from OH can suffer from potential interferences of soot or polyaromatic

hydrocarbons (precursors to soot). Other species may also interfere, dependent on the

overlap of spectra of the target species and its neighbors.

To summarize, CARS and PLIF have the greatest potential for success for

application at high temperature and pressure. Measurement of major species by the

CARS technique does not offer much advantage over the physical probe measurement

already available, other than its non-intrusive nature and the ability to measure at a

greater number of points. Therefore, its real advantage, for the purposes of the present

study, is that of temperature measurement. On the other hand, measurement of

temperature by PLIF is possible, yet unproven in the environment of this study. PLIF has

been proven for species measurement at high pressure and employs a simpler setup

compared to CARS. Given the great potential for minor species measurement and

somewhat less potential for temperature measurements, comparative simplicity of setup,

and planar measurement capabilities, PLIF was selected as the primary measurement

technique. Other optical methods may be used to complement the PLIF measurements.
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2.3 Review of Previous PLIF Work

The development of PLIF began in the early 1980s through nearly simultaneous

work by Dyer and Crosley [1982], who measured OH in a Bunsen burner flame using a

vidicon tube, and by Kychakoff et al [1982] who measured OH in laminar and turbulent

CHa-air flames using a reticon array camera. Soon thereafter, Cattolica and Stephenson

[1984] demonstrated the two-line vibrational temperature PLIF imaging technique in a

premixed methane-air flame. They found that their measurements were accurate to

within 10% for temperatures above 1800 K and suggested that two-line rotational

methodologies may be better suited if the range of temperatures includes values below

1800 K. Two-line approaches since have all employed the rotational method. Cattolica

and Vosen [1984] measured OH from a methane-air flame in a constant volume

combustion chamber, and compared the results with flame predictions. Kychakoff et al

[1984] examined premixed laminar and turbulent methane-air flames, sooting butane-air

flames, and nonpremixed turbulent flames of acetylene-oxygen, again demonstrating the

usefulness of PLIF as a flame diagnostic. Lee et al [1987] used PLIF of 02

(predissociating) in air heated by an electric torch to image temperature near a rod heated

by the hot air.

Recent work in temperature imaging includes Seitzman et al [1993], who used

two-line PLIF of OH to measure rotational temperature in a shock tube, and Lee et al

[ 1993], who examined both one-line and two-line methodologies to measure temperature
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using PLIF of NO. The one-linetechniquewasusedto studya laminarheatedjet, and

thetwo-line methodwasusedin a supersonicunderexpandedjet.

Methodologiesfor velocity imagingaregenerallybasedon the measuredDoppler

shift of theabsorptionfrequency,andis bestresolvedin supersonicandhypersonicflows.

Hiller and Hanson [1988] imaged velocity and pressure fields in a Mach 1.5

underexpandedjet, using fluorescencefrom iodine, which was seededinto the flow.

Recentwork of Allen et al [1993, 1994] is focused toward the development of PLIF for

velocity imaging applied to scramjet burner study and development.

Spray flames offer the complexity of a potentially multiphase system. Added

spectral interferences to the desired fluorescence signal can arise from elastically

scattered light from the liquid fuel, and from blackbody radiation if the flame is

luminous. Heptane-air spray flames have been studied at atmospheric pressure [Allen

and Hanson 1986], using PLIF of OH and CH, and at pressures up to 10 atm [Allen et al

1994, 1995]. The latter work employed PLIF of OH, NO, and 02, and found large

interferences from soot precursors.

Other studies at high pressure in small burners include the work of Battles et al

[1994], who developed a method for quantifying fluorescence signals in the burnt gases

region of a methane-air flat flame burner for OH, NO, and 02 at pressures up to 10.2 atm.

DiRosa et al [1995] developed models for NO and 02 in fuel-lean methane-O2 flames

from 1 to l0 atm. Neij and Ald6n [1994] used a two-photon PLIF technique to image

water vapor in a high-pressure cell at approximately 10 atm.
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More appliedusesof PLIF includespeciesmeasurementsin internal combustion

engines.Suntzet al [1988] used PLIF of OH to examine premixed propane-air flames in

a simulation piston-cylinder engine. Engine speeds of 500 rpm and pressures to 7.5 atm

were simulated in a square cylinder, which was limited to single cycle events.

Schipperijn et al [1988] also looked at a piston-cylinder (circular) burning a propane-air

mixture at 300 rpm and a 5:1 compression ratio. Firing occurred every third cycle.

Felton et al [1988] also examined a piston-cylinder engine burning propane-air. The

engine operated at 600 rpm and achieved pressures to approximately 13 atm. Andresen

et al [1990] used PLIF of NO and iso-octane fuel and laser-induced predissociative

fluorescence (LIPF) for imaging OH at pressures to approximately 20 atm. Other applied

work includes Stepowski et al [1994], who used PLIF of OH and velocity measurements

with a phase Doppler instrument to investigate flame stabilization of a methanol-air spray

flame from an air-blast injector. They used single shot analysis of lift-off location

(including height and radius) to validate a spray flame model. Finally, Versluis et al

[1992] examined a 100 kW natural gas atmospheric burner using PLIF of NO and

predissociated fluorescence of OH. The impetus for the study was a concem for

emissions reduction in ground-based power plants. Their work resulted in the improved

design of the burner to produce less NO.

As best as can be determined PLIF has not been performed in combustion

environments having the combination of continuous high flow (throughput), high

pressure, high inlet temperature, and fuel type that simulates the environment of an actual

aviation gas turbine combustor.
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2Ad.ILIMo 

Fluorescence is the emission of light (photons) from an electronically excited state

of an atom or molecule. The energy level diagram for OH, shown in Figure 2.1,

highlights the significant radiative and non-radiative processes for OH. In LIF, the target

species absorbs energy from a laser that is tuned so that the photon's energy, hv, is

exactly equal to the energy difference, AE, in electronic states. The photon energy is then

in resonance with AE. The lower state is the ground electronic state. Once excited, the

species has several ways to return to the ground state (de-excite). First, if the molecule is

already in a resonantly excited state, the laser energy can stimulate de-excitation.

Second, it may spontaneously release energy (fluoresce) back to the ground electronic

state. Third, the excited molecule may transfer energy in a non-radiative fashion through

collisions with other atoms or molecules. These transfers are reflected through changes

in the vibrational or rotational energy levels (or a combination thereof), represented by

V(J) and R(JO, respectively, where J is the total angular momentum quantum number.

Additionally, energy may be absorbed by the molecule, resulting in elevation to a higher

electronic or dissociative state. A thorough analysis of molecular spectroscopy is

provided by Banwell [1966].
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Figure 2.2 Two-level model for laser-induced fluorescence. Wl2 and W21 represent the

rates (s -1) of stimulated absorption and emission. A21 the rate of spontaneous emission,

and Q21 the rate of non-radiative quenching.

The mathematical and physical description of LIF can be described by a two-level

model, as shown in Figure 2.2. The rate of stimulated absorption is denoted W12.

Stimulated and spontaneous emission from the upper level is represented by W2j and A21.

The collisional quenching terms are grouped together and denoted Q21. All rates are in

-1 0
s The population [molecules] in the lower level, before excitation, is N t . After

resonant excitation, the population of the upper and lower levels are N 2 and N1. and by

The rate equations for the population in each level areconservation, Nt + N2 = N_.

given by

dN2 _
W12N , -(W2, + A2, + Q2,)N2 (2.1)

dt

dNt
- WnN 1 +(W n + A21 +Q2,)N2 (2.2)

dt
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At the peak of the laser pulse, the populations are at steady state, and the population of

the upper level is given by

WI2 N 1 . (2.3)
N2 - W21 "[-A21 + Q2t

Under conditions of a weakly perturbing laser (low irradiance), the lower level population

can be assumed to be approximately constant; and both Wi2 and W21 are small. Then the

upper state population can be expressed as

N 2 - W12 N o . (2.4)
A21 + Q21

The fluorescence signal seen by a detector, Sf (photons), is proportional to the fraction of

the upper state population that spontaneously de-excites

Sj oc A21 •N2, (2.5a)

or, using Equation (2.4) and rearranging

Sj ocW_2N O • A2,+Q21 '

where the parenthetical term A/1/(A21+Q21) is the fluorescence yield, Fy, which is the

fraction of the total excited state population that de-excites via fluorescence.

The rate of stimulated absorption can be written to reflect the coupling of the laser

with the absorbing molecules

W_2N ° = B12IvnlV, (2.6)

where B12 is the Einstein B coefficient for absorption (cmZ.cm'l.J'l), Iv is the laser

spectral irradiance (W/cm2-cm'l), n I is the number density of the absorbing species

(cm3), and V is the volume (cm 3) of gas illuminated by the laser. The Einstein B
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coefficient describesthe strengthof couplingbetweentheupperandlower levels,sothat

the term IvB12expressesthe probability for absorptionof a photon by the coupled

moleculeduringthetime durationof the laserpulse.

The fluorescencesignalper laserpulse collectedby eachpixel of the detector

array through a volume, Vc, that marksthe intersectionof the laser and fluid can be

expressedas[CattolicaandVosen1984]

Sj = (rlC _-_] .(f BNrVc). Fy .(lvB,2 ) (2.7)

where q is the collection efficiency of the optics, e is the detector efficiency, f2 is the

solid angle of light collection, fR is the Boltzmann population fraction, and Nv is the total

number of excited species. The first parenthetical term describes the overall efficiency of

the optics and detector. The second parenthetical term describes the total number of

excited species molecules within the volume V c.

The absorption linewidth is typically described by a Voigt profile, which consists

of both Lorentzian and Doppler (Gaussian) profiles. The Lorentzian profile is the result

of the radiative decay rate of the excited state, which consists of the spontaneous decay

rate plus the rate due to molecular collisions (which are a function of gas density). The

Lorentzian portion of the lineshape, therefore, is dependent on the temperature, pressure

and collision partners. The Doppler component of the Voigt profile results from the

relative shift in energy each molecule has as a function of its velocity with respect to a

fixed observer.
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The spectralcoupling of the laser lineshapewith the absorptionlineshapeis

reflectedby theoverlapintegral,g(v) (see,for example,Grosset al [1987] or Battles et al

[1994]), and Iv = Ig(v), where I is the laser irradiance (W/cm2), independent of frequency.

The overlap integral is given by

g(v)= _d_,(v)d_,,ns(v,T,P)dv, (2.8)
V

where _bland d_absare the lineshape functions of the laser and the absorption, respectively.

The fluorescence signal is then

S: = rl_ -_n "f_ fRNTVc" Fy " IB,2 _+,(v)._oh,(v,T,P)dv . (2.9)
V

At atmospheric pressure, the laser linewidth is typically much greater than the

absorption linewidth, resulting in an overlap integral that approximates the absorption

linewidth. Thus, at atmospheric pressure, the entire absorption spectral band couples to

some portion of the laser spectral band, and there is little dependence of the strength of

the fluorescence signal on the surrounding environment. However, as pressure increases,

the absorption linewidth broadens due to the increased number of collisions. In this case,

the absorption linewidth can exceed the laser linewidth. The coupling of the laser

spectral distribution with the absorption spectral band is inefficient, resulting in the

excitation of fewer molecules (therefore a decreased fluorescence signal compared to the

signal at atmospheric pressure), and the coupling becomes a function of the combustion

environment in temperature, pressure, and collision partners. Collision partners include

the fuel; major combustion products such as CO2, CO, H20, 02 (for fuel lean flames), and
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N2;andintermediateproductssuchasfuel fragments,OH, andC 2. Seitzman and Hanson

[1992] show that the overlap integral has increased sensitivity to pressure (for pressures

above approximately two atmospheres) but little response to temperature variation.



CHAPTER3

EXPERIMENTAL APPARATUS

All work for this study was performedat NASA Lewis ResearchCenter in

Cleveland,Ohio in testcell CE-5of theEngineResearchBuilding.The facility consistsof

the combustorsubcomponenttestcell wheretherigsarerun, thecontrolroomfrom which

the test rigs areoperated,andthe laserdiagnosticsfacility.

stands.

The test cell housestwo test

Two unique,opticallyaccessiblecombustionshellswhich wereusedin this study

aredescribedin this chapter. The shellsare the containmentvesselfor the flame. In

conjunctionwith thefuel injectionsystemsbeingstudied,theymakeup thecombustiontest

section. The two shellswere NASA conceivedand designedexclusivelyto mate with

existingfacility hardware.Thesetestrigs are operated (within the safety limitations of the

windows) similarly to their non-optically-accessible counterparts.

This laboratory is the only one of its kind, capable of providing advanced

diagnostics for design and optimization of gas turbine combustors for high temperature,

high pressure applications. It arose from a need in government and industry to characterize

gas turbine combustor subcomponents at conditions which simulate the actual environment

in which they would be used.

20
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3.1 Combustor Subcomponent Test Facility.

The combustion facility supplies non-vitiated air (the air does not mix with the

combustion products used to heat it) via a shell-in-tube heat exchanger at flow rates of up to

4.5 kilograms per second. Actual airflows through a test rig depend upon the design of the

test hardware. Four natural gas can-type burners provide air inlet temperatures between 589

K and 866 K to either of two optically accessible fuel-lean combustion shells. One test rig,

a single cup flame tube combustor, can support up to 0.68 kilograms per second of

preheated air. It is used to characterize fuel injector performance. The second test rig

supports multiple cup (sector) tests and can support heated airflows up to 3.2 kilograms per

second. This sector combustor is used to assess the interaction between fuel injectors. The

two combustion rigs are henceforth designated "flame tube" and "sector". The exhaust for

each combustion test rig is water-quenched to cool the gas stream to below 333 K. The fuel

used is JP-5, a high flash point kerosine. A schematic of the combustion facility is shown

in Figure 3.1.

3.1.1 Flame Tube

The flame tube combustion shell [Roeloffs 1992] is shown schematically in

Figure 3.2. The subcomponents that can be varied in this test rig are the fuel injectors,

either in number or in manner of injection. The shell measures 74 cm in length and has a

7.62 cm x 7.62 cm cross section flowpath, with a flow area of 58.06 cm 2. Its housing is

water-cooled. The liner is made from an aluminum oxide castable ceramic material,

typically Greencast 94+. Four window assemblies, circumferentially 90 degrees apart, are
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Figure3.1 Schematicof combustortestfacility.
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Figure 3.2 Flame tube combustion shell with quartz window assemblies.
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Figure3.3 A window assemblywhichhasametalplug installed.Theplugis
instrumentedwith fifteen thermocouples.
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locatedsuchthat the centersof the windowsare 14.3cm downstreamof the flame tube

inlet. The shell is outfittedwith up to four 1.27cm thick ultravioletgradefusedsilica

windows,eachwith a clear apertureof 3.8 cm x 5.1 cm. This grade of quartz has a

minimum light transmissivity of 80% over a spectral range fi'om 180 nm to 3300 nm.

The window assemblies (one is shown in Figure 3.3 with a metal plug) are designed

to safely withstand flame temperatures up to 2033 K and rig pressures up to 2068 kPa. The

design limits the maximum ignition thermal cycle (in order to avoid window fracture) to a

AT of 889 K, from an inlet temperature of 867 K to an ignition temperature of 1756 K.

Water cooling and nitrogen film cooling are used to ensure that the windows can survive

this severe environment. The total nitrogen film cooling mechanism for the four windows

provides no more than 10% of the aggregate mass flowrate through the shell. The

window assemblies are designed so that, other than the small offset (approximately 3.5

mm) to accommodate the nitrogen film cooling, the windows are flush with the hot gases

that pass by.

Emissions gas sampling ports are located 50.8 cm downstream of the flame tube

inlet, and can be mounted from either the top or the bottom of the shell. The ports support

probes used by standard gas analysis systems. The Rosemount gas analysis system consists

of nondispersive infrared meters for carbon monoxide, carbon dioxide, and hydrocarbons; a

chemiluminescent meter for nitrogen oxides; and an electrochemical meter for oxygen. The

flame temperature is measured with a water-cooled platinum/rhodium thermocouple located

58.4 cm downstream of the flame tube inlet.
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3.1.2 Sector

Figure 3.4 shows a schematic drawing of the sector hardware. As with the flame

tube, the housing is water-cooled and the liner is made by casting a ceramic material. The

flow path measures 21.6 cm x 21.6 cm. Within this area, three fuel injector domes are

fitted. The outer domes (top and bottom) are composed of lean premixed prevaporized

(LPP) injectors. The center dome can be either another LPP dome or a pilot dome

consisting of cyclone spray injectors. The center dome may be positioned with varying

upstream offset relative to the top and bottom domes. The chamber necks down to an

exhaust area that measures 10.2 cm high by 20.3 cm wide.

The window assemblies used are identical to those used in the flame tube, and are

located so that the exit plane of the top dome can be seen. As with the flame tube, the

assemblies are mounted flush with the test section flowstream. The top and bottom

windows are centered on their respective sides. The two side windows are offset from the

center by 2.54 cm. The field of view encompasses the intermediate region between the top

and middle domes. Radially mounted gas sampling probes are located 12.7 cm downstream

from the window trailing edge. Figure 3.5 shows the confgurafion of the windows and the

gas sampling probes. Nitrogen film flow across the windows accounts for approximately

13% of the total gas flow through the rig.

3.2 Test Rig Operation

The test rigs are warmed up slowly (-3.7°C/min), to reach the desired inlet

temperature. This rate is used to ensure steady-state temperatures in the shell. Light-off is

achieved by adding fuel to the incoming hot air stream and igniting the mixture
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with a water-cooledhydrogentorch,locateddownstreamof the fuel injectors. If the torch

fails to light, a fuel system shutdown is initiated. Lightoff cannot be reattempted until ten

minutes have elapsed.

If either the temperature rise exceeds the maximum ignition thermal differential of

889 K or the lightoff temperature is not maintained for at least one minute, then a fuel

shutdown is triggered. Should either the water or nitrogen window cooling system fail to

provide adequate cooling, a fuel shutdown is again triggered. Back side thermocouples are

used to monitor the window temperature. Instrumented metal plugs can be used in place of

the fused silica windows for preliminary testing of the various subcomponents. Tests with

the plugs are used to set the window cooling flow rates and verify that the nitrogen and

water cooling will be sufficient when the fused silica is installed. A possible window

blowout is indicated by rapid rig pressure loss and high readings of the back side

thermocouples and will cause a shutdown to the fuel and the natural gas heater.

3.3 Laser Diagnostics Facility_ Equipment and Operation

The laser system includes a Continuum NY-81C Nd:YAG laser with a 10 Hz pulse

repetition rate. Its pulse width (FWHM) is 7 ns. The Nd:YAG laser pumps a Continuum

ND60 dye laser. A computer controls the position of the dye laser's diffraction grating,

thus providing remote taming of the output wavelength. Supplemental doubling, mixing, or

mixing after doubling of the dye laser output is achieved with a Continuum UVX and UVT

wavelength extension package, which includes output wavelength tracking. The overall

laser system has a tunable wavelength range of 220 nm to 560 nm when using Rhodamine
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590laserdye. It iscapableof delivering40 rnJ/pulseat 283nm and8 mJ/pulseat 226nm

whenpumpedwith 760mJ/pulsebytheNd:YAG secondharmonic(;L= 532nm).

A varietyof excitationwavelengthsin theOH A2E<---X21-I(1,0)bandwereusedfor

thePLIF work, spanningfrom theRl(1) line (_._ 281.46nm)to thePl(8) line (_._ 285.67

nm). To generatetheRl(12) line, for example,thesecondharmonicof theNd:YAG laser

wasusedto pumpthedyelaser,operatingonRhodamine590dye. The dye laser output at

_. _ 564.14 um was frequency doubled in the UVX by means of the non-linear crystal BBO,

to produce the desired output wavelength of _. _ 282.07 nm. The output beam was

separated from the collinear input beam with a pellin-broca dispersion prism. The Rl(12)

line had a maximum measured energy of- 22 mJ/pulse when pumped using _. = 532 nm

with an energy of 780 m J/pulse. The procedure for generating the other excitation lines is

similar. Table 3.1 lists the dye laser output wavelength and maximum energy obtained at

each excitation line.

Table 3.1 Excitation Lines Used for OH PLIF, Nd:YAG Fundamental Energy of 780

mJ/pulse, using Rhodamine 590 Laser Dye.

OH Absorption Line

Rl(1)

RI(10)

R_(ll)

QI(1)

R (12)
Q1(9)

P_(8) 285.670 lO

Wavelength, nm Maximum Energy Used,

m J/pulse

281.458 16

281.607 15

281.824 16

281.970 16

282.068 22

284.010 16
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A smallpropane-airBunsenburnerflamewasusedto verify that the laserwas on

the appropriate OH absorption line. A quartz plate was used to split off approximately 5%

of the UV output which was then directed through the flame. The fluorescence signal from

the (1,0) and (1,1) bands was collected at an angle of 90 ° with respect to the incident beam

with an f = 75 mm lens which focused the light onto a photomultiplier. The photomultiplier

was filtered using a WG-305/UG-11 filter set (described in the following section). Before

passing through the flame, a small fraction of the beam was directed to a photodiode, which

was used as a trigger pulse for the electronics. The photodiode and photomultiplier signals

were monitored using a Stanford Research Systems boxcar averaging system. An SR250

gated integrator averaged 30 samples having a gate width oftypicaUy 30 ns. The averaged

photomultiplier signals were observed using a LeCroy model 7200 digital oscilloscope. An

OH absorption line or a non-resonant line verification was performed by scanning the dye

laser through the appropriate wavelength region and observing the signal level on the

oscilloscope. When fluorescence excitation scans were performed, the processed

photomultiplier and photodiode signals were recorded using an Allen OmniScribe series

D5000 stripchart recorder. Once the excitation line was verified, PLIF images could be

taken, as described in the following section. Figure 3.6 is a schematic diagram of the

optical setup for performing both LIF excitation scans and PLIF measurements.
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3.3.1 Detection Systems Used for Imagin_

The detector used for the PLIF work is a Princeton Instruments gated, intensified

CCD (ICCD) camera. Its detector array size is 384 x 576 pixels. The detector is cooled

thermoelectrically. The camera head is cooled with chilled water supplied by a Neslab

RTE-11 heat exchanger. The cooled surfaces of the array are kept free of condensate by a

2.5 rnl/sec flow of high purity N2. The camera intensifier is synchronously triggered with

the laser pulse through a Princeton Instruments FG-100 pulse generator. The Princeton

Instruments ST-100 detector controller was used to gate the camera for typical times of

50 or 75 ns. The ICCD camera is also used for non-specific flow visualization. Its fastest

non-gated shutter speed is 5 milliseconds.

The fluorescence signal was collected through a Nikon 105 mm UV Nikkor lens.

Princeton Instrument's WinView software was used to acquire the ICCD images. Two

filtering schemes were used to collect OH fluorescence and block scattered light. The

first used a combination of a WG-305 Schott glass filter (2 mm) and a narrow band

interference filter from Andover Corp. #313FS10-50 (2 mm), with a peak transmittance

of 16% at a wavelength of 315 nm, with a FWHM of 10.6 nm. The second filter set used

a 2 mm thick WG-305 Schott glass filter and a 1 mm thick Schott UG-11 bandpass filter.

The UG-11 colored glass filter passes a peak wavelength of 340 nm and has a bandpass

from 245 nm to 410 nm. The pair transmits approximately 56% of the incident radiation

in the band between 310 nm and 320 nm. The bandpass filter also passes light above 650

nm and has a peak transmittance at 720 nm of 0.27. The first filter combination collects

light only in the wavelength region of interest but sacrifices signal strength. The second
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combinationoffers greaterlight collectionefficiencyat thepossibleexpenseof increased

noise.

A PhotometricsStar 1 CCD camerasystem,with an arrayof 384 x 576 pixels,

was also used for non-specificflow visualization.The cameraheadis cooledwith an

ethyleneglycol solution. The camera'sfastestshutterspeedis 0.1 secondsand is best

suitedfor low light applications.

3.3.2 Laser Beam Transport System

The high operating pressures used in the combustion facility mandate that all

aspects of operation be performed remotely. The laser beam is transferred from the laser

room to the test cell using a series of remotely-controlled mirrors and traversing stages. All

mirrors are coated for the specific excitation wavelength band of interest with a high

damage threshold dielectric. For the OH PLIF work the mirrors are coated to achieve a

maximum reflectance at 285 nm and have a bandwidth of about 22 nm FWHM. The

mirrors have reflectances of at least 98% and manufacturer-specified damage thresholds of

greater than 5 J/cm 2 for a nanosecond laser pulse at _, -- 1064 nm. The mirrors outside the

laser room use motorized micrometers that operate on dc current to control horizontal and

vertical tilt. The micrometers are operated by Oriel Model 18005 controllers, and have a

resolution of less than 0.05 _t. As many as six mirrors are required to position the laser

beam properly.

Mirrors within the test cell are translated with a variety of stages. The stages are

used for initial alignment of the optical path and to traverse across the test section flow.
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Thestagesaremovedby steppermotorsandcontrolledfromfour four-axiscontrollers:one

Parker-HannifinCompumotor3000, one Parker-HannifinCompumotor4000, and two

AerotechUnidex11. Eachcontrollercanbeoperatedasastand-aloneunit, or becomputer-

controlled. Becausethreedifferentoperatingsystemsareinvolvedandtheopticalpathand

traversalaredependenton the final destinationof the laserbeam,a programwaswritten

that allowsall stagesto becontrolledusingonecomputer.Thedetailsof theprogramcan

be foundin AppendixB. Typicaltranslationstagepositioningaccuracyandrepeatability,

as specifiedbythemanufacturers,are21aper25mmand+l.3_t.

The laser beam is formed into a sheet just before it enters the test rig. The sheet,

typically 0.3 mm thick, is formed by passing it through a 50-mm square cylindrical lens

having a focal length of 3000 mm. The height of the sheet is 15 mm to 30 mm, depending

on the size of the beam entering the cylindrical lens.

Figure 3.7 sketches the laser beam path from the laser room to the appropriate test

rig. The beam is directed up through the ceiling of the laser room, over the control room,

and through a shuttered opening in the test cell wall. Because the path of the beam and the

stages required are different for each test rig, a description of how the beam is manipulated

into the flame tube and sector is reserved for Chapters 4 and 5. The total laser beam path

length to the flame tube windows is 18 m; to the sector, the path length is 25.5 m.
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CHAPTER 4

PLANAR IMAGING OF HYDROXYL IN A FLAME TUBE COMBUSTOR

4.1 Introduction

Good mixing is a key to high performance in any combustion application. Mixing

affects combustion uniformity and efficiency, liner cooling, materials survivability, and

emission characteristics. A primary element that affects mixing is the fuel injection

system. Single cup flame tube tests are used to assess the performance of fuel injectors,

typically by analyzing the combustion emissions through gas sampling. Gas analysis can

then be used to determine, by a carbon balance, the combustion efficiency.

Unfortunately, gas sampling techniques are not highly spatially resolved. The use of

probes, therefore, may not truly reflect the overall combustion efficiency, especially if the

actual flowfield has a non-uniform spatial distribution. A complementary assessment of

fuel injector performance is to visually observe the fuel injection or the combustion event.

For example, once fuel nozzles are manufactured, their sprays are examined at ambient

conditions both visually and with spray patternators [Lee 1994; Sun 1994]. Spray

pattemators are instruments that collect the spray in bins and are used to determine the

distribution of the spray. One would also like to observe the fuel spray distribution or the

resultant combustion characteristics with some degree of spatial resolution. It is in the

latter sense that PLIF of OH is used to assess fuel injector performance.
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This chapterdescribesa unique,optically-accessiblecombustoroperatingon JP-5

fuel at realistic flight operatingconditionsfor future supersonicaircraft and presents

qualitativePLIF imagesof hydroxyl thatrevealtheflamestructureresulting_om different

fuel injector configurations. SomePLIF resultsare comparedwith computationalfluid

dynamics(CFD)predictions.

4.2 Experimental Apparatus

The test rig hardware consisted of the flame tube described in Chapter 3 and

sketched in figure 3.2. The fuel injection system was Lean Direct Injection (LDI) with

either nine or sixteen discrete fuel injection points. In LDI concepts, the fuel is injected

directly into the reaction zone. Swirl is imparted to the air (and in some cases also to the

fuel) to generate a recirculation zone that is used to stabilize the flame. Two different air

swirl schemes using axial swirlers were examined. One configuration used 45 ° swirl. The

other had a combination of 60 ° and 45 ° air swirlers in an alternating pattern, abbreviated

to 60°/45 °. Table 4.1 lists the different fuel injector configurations used in this study.

Table 4.1 Fuel Injector Configurations.

Number of injection points Air swirler angle

16 45 °

9 45 °

9 600/45 °



4.2.1 Laser Beam Transport System

As mentioned in Chapter 3,
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the laser systems must be operated remotely. This

necessitates a complex scheme, using a series of mirrors and traversing stages, to direct the

beam into the flame tube at the desired location. Figure 4.1 illustrates the laser diagnostics

facility beam transport system and the path the laser beam must take. With the aid of Figure

4.1, the following text describes how laser beam delivery is achieved.

Upon leaving the table the laser beam is positioned using three high damage

threshold, highly reflective, wavelength specific mirrors with DC motorized micrometers

and a three-axis positioning system, all mounted to the ceiling. The mirror mounts have

horizontal and vertical tilt control. Mirror 1 is positioned directly above the laser room and

transmits the beam from the table into the test cell through a shuttered hole in the wail.

Upon entering the test cell, the beam projects over the inlet region, approximately 110 cm

upstream of the window location. At this point, mirror 2 receives the beam and directs it

downstream, parallel to the test rig axis, to mirror 3. This final mirror, positioned directly

over the top window of the flame tube, steers the beam through sheet forming optics and

into the test rig. The total path length is approximately 18 meters.

A table installed on the ceiling of the test cell is used to position the second and

third mirrors. The table consists of three motorized stages. Two of the stages control the

axial positioning of the beam. They in turn are mounted on the third stage, which

controls the lateral positioning of the beam. The first of the axial stages controls the axial

position of the second mirror. The second stage moves the third mirror.
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Figure 4. l Beam transport system for the flame tube test rig.
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Figure 4.2 Hardware setup for PLIF imaging.
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The beam path from the laser table optics until the beam enters the test cell area is

enclosed. This enclosure can be purged with nitrogen in order to minimize absorption (loss)

of laser energy at wavelengths that are strongly absorbed by diatomic oxygen.

4.2,2 Detection System

The fluorescence is imaged at 90 ° from the incident laser sheet with a Princeton

Instruments ICCD camera (described in Chapter 3) focused through a side window. As

with the input beam, the position of the camera is remotely controlled. The camera is

typically mounted on a three-axis system of translating stages situated next to the

combustor. Figure 4.2 shows the orientation of the hardware for a test. Flow is from

right to left.

4,3 Experimental Procedure

The laser system used for acquiring the OH PLIF images consisted of a

Continuum Nd:YAG-pumped (NY-81C) dye laser (ND60), whose output was doubled to

provide the desired UV radiation. The Nd:YAG laser 2nd harmonics provided

approximately 750 mJ/pulse at 10 Hz. The dye laser, using Rhodamine 590 dye,

produced pulses of 180 mJ at 564 urn. The dye laser output was frequency doubled to

283 nm by a BBO crystal in a Continuum UVX frequency doubler/mixer in a UVT-1

configuration. The doubled dye output was typically 16 mJ/pulse with a bandwidth (at

the wavelengths used in this study) of 1.0 cm q, as measured by a Burleigh UV pulsed

wavemeter. The UV light was separated from the residual dye output by a pellin-broca
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prism. Thedye laserwastunedto oneof threespecificrovibronic transitionsof the OH

A_---X(1,0)band, R!(1)@281.458nm,R1(10)@281.591nm,andQ1(1)@281.970nm. The

desiredtransitionwasverifiedby directingthe laserbeamthroughthe flameof a Bunsen

burner at atmosphericpressureand observingthe fluorescencewith a photomultiplier

tube/boxcaraveragersystem. Thedoubleddye outputwasexpandedand collimatedto

approximately2 cm in diameteranddirectedthroughthebeamtransportsystem.

Sheetforming opticsconsistedof a sphericallenscombinationfor beamsizing

coupledwith acylindrical lenswith a 3000mm focal length.The resultantfocusedlaser

sheethaddimensionsof approximately33mm x 0.3mm. Laserenergyprior to entering

thetest sectionwasapproximately10mJ distributedoverthe sheetand approximateda

Gaussiandistribution. Laserenergyat the laser focal volume within the test section

dependeduponthecleanlinessof thewindowsanduponrefractiveeffectsof theturbulent

combustionprocess. The lasersheetwaspositionedto passthroughthe centersof the

entranceandexit windows.

The fluorescence from OH was collected at 90 ° from the laser sheet by a 105 mm,

f/4.5 UV Nikkor lens. The field of view of the camera was large enough to view the

entire collection window. The camera intensifier was synchronously triggered with the

laser pulse and was gated for 50 ns. A combination of a WG-305 Schott glass filter (2

mm) and a narrow band interference filter from Andover Corp. #313FS10-50 (2 mm),

with a peak wavelength of 315 nm and a FWHM of 10.6 nm, was used to collect OH

fluorescence while efficiently eliminating scattered laser light. Princeton Instrument's

WinView software was used to acquire the ICCD images.
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The combustionrig wastestedunderthe following rangeof parameters.Theinlet

temperaturewasvariedfrom 811K to 866K, with combustor pressures from 1034 kPa to

1413 kPa. These were supported by air flow rates of 0.59 to 0.83 kg/s. JP-5 fuel was

matched to the appropriate air flow rates at a given temperature and pressure to achieve

equivalence ratios, _b, of 0.41, 0.47, 0.50, and 0.53. Table 4.2 summarizes the key

parameters.

Table 4.2 Typical Flame Tube Test Rig Operating Conditions for PLIF Measurements.

Nominal Inl_ Inlet Pressure, kPa Equivalence RatioRange,_

Temperature, K

811 1034,1380 0.41- 0.53

866 1034,1380 0.41- 0.53

4.4 Image Analysis

The images were processed on a Silicon Graphics Indigo workstation using PV-

WAVE data visualization software from Visual Numerics, Inc. Subroutines have been

developed to read the WinView image format and convert each image into an array

usable by PV-WAVE. For displays using a 256-color palette, the images are scaled so

that the minimum pixel value is 0 and the maximum is 255. For the results presented

herein, image processing includes background subtraction and removal of noise spikes.

Background subtraction effectively reduces the minimum pixel value for an image

to near zero by subtracting from each image pixel value a background image's

corresponding pixel value. When a background image is not available, the image

minimum value is subtracted from all pixels. Removal of image noise spikes is necessary
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in theseexperimentsdueto their adverseeffectuponanyscalingroutine.Thecauseof the

spikesis currentlyunknown,butparticulateemissionandelectricalnoiseon long cables

from camerato acquisitionelectronicsarepossiblecauses.Thenoisespikesappearasan

island of 1 or 2 pixels with a valuemuch higher than that of surroundingpixels. The

spikenoiseremovalroutineworksby changingthevalueof all pixels which satisfy the

removalconditionto the imageminimumvalue. The removalconditiondependson the

imagehistogram. For an imagerepresentedby an integerarray,eachpixel valueon the

scalefrom imageminimum to imagemaximumhasits own histogrambin. A pixel is

markedfor removal if its value puts it into a histogrambin abovethat group of bins

containing99%of all pixel values.

4.5 Results and Discussion

For Figures 4.3, 4.4, and 4.5, each image within a Figure has been normalized to

that image within the Figure with the highest pixel value. In all cases, the laser sheet

passes vertically, from top to bottom. The flow passes from left to right. Unless otherwise

stated, the images are composed often shot averages. The images obtained in this study are

qualitative in nature. Therefore, the OH images portray relative fluorescent yields only.

The PLIF images were obtained with the camera positioned so that the collection

window was centered in its field of view with the illuminated flow-field at its focus. The

upstream edge of the windows corresponds to a position approximately 13 cm

downstream of the fuel injector exit plane. Adiabatic equilibrium code calculations
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[Gordon and McBride 1971] for the range of test conditions used in this study have

predicted OH number densities, Non, on the order of 3.0 x 1016 cm "3 in the flame zone.

Figure 4.3 shows a comparison among the three resonant excitation lines used,

R1(1)@281.458 nm, R1(10)@281.591 nm, and Q1(1)@281.970 nm. The three lines were

chosen as candidate excitations for two reasons. First, they are all strong lines in the

atmospheric flame and provide a good basis for looking at the higher pressure flame

confined within the combustor. Second, they lie within 0.5 nm of one another. The small

separation is important because as the laser is scanned to select an appropriate

wavelength, a small angular deviation in output direction results. When the distance to

the experiment is short, the angular variation may be unimportant. The beam in this

experiment must travel approximately 18 meters to reach the test rig, and such a long

lever arm magnifies what appear to be minute or even nonevident shifts in beam position.

Each image in Figure 4.3 was obtained with an inlet temperature of 866 K,

combustor pressure of 1034 kPa, 600/45 ° air swirl, and _ of 0.53. The plots immediately

below each image give that image's average pixel intensity from top to bottom (which

corresponds to the direction of laser beam travel). Except for the degree of laser beam

absorption, each image displays a uniform flowfield. The RI(1) and Rl(10) lines show

little or no indication of laser sheet attenuation. The Q_(1) line, however, displays strong

evidence of laser beam attenuation, on the order of 40%. Facility operating procedures

preclude the possibility of calibrating the camera CCD with a known intensity gradient in

situ prior to a test run. Therefore, to determine an accurate OH distribution, a transition

that displays minimal laser absorption should be selected. Although the R1(1) and Rl(10)
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excitationlinesdisplaylittle or no attenuation,theRI(1) line hasalow fluorescenceyield

comparedto the Rt(10) line. Baseduponthe representativecandidateimagesof Figure

4.3,RI(10)wasselectedfor subsequentimagingof OH.

Although in general,oneusesexcitationlinesthat absorbweakly;thediscoveryof

arelatively uniform OH distributionallowsusto usea stronglyabsorbentline to makea

roughcalculationof theOH concentration.PerformingaBeer'sLaw calculationfor a 38

mm thick sample, using the Ql(1) Einstein B coefficient for stimulated absorption

[ChidseyandCrosley1980]andthe OH molecularcrosssectionreportedby McGeeand

Mcllrath [1984],resultsin anOH concentrationofNoH _ 1.2x 1016 cm -3

Figure 4.4 shows a comparison between resonant and off-resonant excitation with

600/45 ° swirl. The resonant excitation line is RI(10) at 281.591. The off-resonant

excitation is at 281.01 nm. Each image is composed of a ten laser pulse average. The

combustor pressure was 1034 kPa and _b was 0.53. The off-resonant image shows no

evidence of either elastically scattered laser light or contributions attributable to complex

fuel chemistries and/or polycyclic aromatic hydrocarbons. Therefore, the resonant PLIF

signal is attributable only to fluorescence from OH.

Figure 4.5 is a comparison of OH PLIF images acquired at the same flow conditions

but at different equivalence ratios. The combustor used the 600/45 ° air swirl configuration.

The inlet temperature was 866 K,

combustor pressure was 1398 kPa.

respectively. The images consist of an average of ten laser pulses.

the mass flow rate of air was 0.83 kg/s, and the

The equivalence ratios are 0.53, 0.50, 0.47, and 0.41,

Each image was
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normalized for WinView autoscaling routine differences, thus presenting an accurate

representation of the relative fluorescence intensity. As expected, the OH fluorescence

intensity dramatically diminishes with decreasing equivalence ratio. One can also see that

the amount of hydroxyl formed is relatively uniform across the flowfield for this injector

configuration. The OH concentration is not necessarily uniform if a different swirler

configuration is used.

Figure 4.6 shows a comparison of 600/45 ° and 45 ° swirl. The images are composed

often shot averages. More OH is formed (i.e., more fuel is distributed) toward the walls of

the combustor for the 45 ° swirl, with relatively low amounts formed at the centerline. This

corresponds with higher temperatures along the walls of the combustor rather than in the

center and indicates potential problems in keeping the liner cool. Further examination of

that configuration using a series of single laser pulses, shown in Figure 4.7, reveals that

"lobes" of high OH are formed asymmetrically. Sometimes, a single lobe appears at the top

of the combustor; sometimes at the bottom; and other instances, it occurs at both the top and

bottom of the flame tube. These data show that the nature of the combustion is not

necessarily uniform and that, on the microscale, the flow is random. Figure 4.8 shows the

CFD-predicted OH and temperature distributions [Deur 1995] of the nine point, 45 ° swirl

fuel injector configuration, which agree with experimental results.

Gas sampling of the combustor emissions had earlier revealed that (in terms of

combustion efficiency) the 600/45 ° air swirl configuration performed better than did the 45 °

swirl configuration. However, it could provide no explanation of why. More direct

comparisons were not obtainable because of facility problems when the 45 ° system was run,
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which preventedacquisitionof a completedatasetvia gassampling.ThesePLIF images

vividly illustratethat the 45° air swirl configurationdoes a comparativelypoor job of

mixingfuel andair. This informationcanonly bedirectlyobtainedby opticalmeans,andit

enhancestheability to understandcombustionprocessesin arealisticsystem.

Figures4.9 and4.10comparesixteenpoint 45° injection and nine point 600/45 °

injection at qb = 0.44 and 0.53, respectively. The images consist of averages of ten laser

shots. The two dark horizontal marks on the right side of the image in Figure 4.9a are due

to fuel deposits on the window. In comparing the two fuel injection schemes, one observes

that each system produces a relatively uniform distribution of OH. Gas sample results also

show that the sixteen point fuel injector produces less NO than does the nine point injector,

which is expected because the same total amount of fuel is injected among a greater number

of injection points per unit area. These results help designers in refining their designs. One

factor in selecting fuel injectors is simplicity of their manufacture and maintenance. It is

obviously simpler and more economical to build and maintain hardware with fewer parts,

given that the injectors in question have the same basic design structure. Thus, based on the

OH images, combined with the gas analysis information and CFD results, the nine point

600/45 ° injector was shown to perform well, and with refinement may match the sixteen

point injector in performance.

The results of the OH fluorescence work highlight the importance of having two-

dimensional species profiles that have high spatial resolution, even when they are not

quantitative. These data resulted in design changes for the nine point injection system [Lee

1995], in order to provide a more uniform fuel/air distribution and better overall fuel
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injector performance.The changesincludeda modificationto reducethe injector spray

angle(thePLIFdatarevealedthatanexcessof fuel penetratedto thecombustorwalls)anda

changein air swirlerangleto about55°.

4.6 Conclusions

The results demonstrate the viability of the planar laser-induced fluorescence

diagnostic technique applied to an actual high pressure, high temperature combustion

facility. This is the only facility of its kind, capable of providing advanced diagnostics for

design and optimization of gas turbine combustors. PLIF images of OH were obtained at a

range of test conditions duplicating those to be experienced in future high performance

combustors. The PLIF results of OH using different lean direct injection configurations has

shown that the fluid mechanics within the combustor are highly turbulent and that there are

large fluctuations in hydroxyl and consequently temperature, on the microscale. This

information is important for combustor design and kinetics modeling, and provides details

that are impossible to determine with traditional physical probes. The results of the PLIF

study led directly to a modification of the injector to improve its performance.
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CHAPTER 5

MEASUREMENT OF HYDROXYL IN A SECTOR COMBUSTOR

5,1 Introduction

Sector combustors are used to assess the performance of a system of adjacent fuel

injectors, such as one finds in an annular combustor. Although sector tests are in no way

equivalent to full annular tests, they add complexity and more realism to that of single

cup tests, such as those reported in Chapter 4.

This chapter presents the results of an experimental effort which examined a lean-

burning sector combustor operating on JP-5 fuel. Two fuel-lean concepts are used: lean

premixed prevaporized (LPP) and lean direct injection (LDI). LPP injection systems

introduce the fuel upstream of the combustion zone, allowing it to vaporize and fully mix

with the air. The flame is stabilized by means of a flameholder. This particular system

employs the dome face as the flameholder. One potential drawback to LPP systems is

that there may be insufficient distance for full vaporization and mixing of the fuel and air.

Other drawbacks are the susceptibility to lean blowout, upstream burning, and flashback.

LDI systems, such as the pilot atomizers used in this study, inject the fuel directly

into the combustion zone. The flame is stabilized by means of gas recirculation zones

created through the introduction of swirl by elements of the fuel injection system. LDI

systems are typically more stable than LPP systems. The challenges to designing good

LDI systems are fuel atomization and application of appropriate swirl.
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OH PLIF is usedqualitatively in thisstudyto observethe flame structure resultant

from different fuel injector dome configurations within the test section. The fluorescence

images are compared with some computational fluid dynamics (CFD) results.

Interferences in obtaining OH fluorescence signals due to the emission of other species is

assessed. Additionally, flow visualization of the species C 2 is presented.

5.2 Experimental Apparatus

5.2.1 Test Hardware

The test rig used in this study comprised the sector rig described in Chapter 3 and

sketched in Figure 3.4. Four different fuel injection configurations were tested: two with

a center lean premixed prevaporized dome, one in the upstream and one in the

downstream position, and two with a pilot dome, one in the upstream and one in the

downstream position. The top and bottom domes were always in the downstream

position with their exit plane projecting into the field of view of the window through

which light is collected. The side windows are situated so that the interface region

between the upper and middle domes is visible (the bottom dome is not in the field of

view). The exit plane of the center dome in its upstream position was approximately 4.6

cm ahead of the exit plane of the outer domes; in its downstream position, the center

dome exit plane was approximately 1.7 cm ahead of that of the outer domes. The four

configurations are listed in Table 5.1.
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Theareaof theLPPcenterdomeis largerthanthatof the pilot by a factor of 1.15.

This effectively reduces the amount of air that passes through the outer domes, thus

requiring less fuel to these domes in order to maintain the same overall equivalence ratio.

Table 5.1 Fuel Injector Dome Configurations Used in the Sector Tests.

Combustor Configuration

A

B

C

D

Center Dome/Position

Pilot/Upstream

Pilot/Downstream

LPP/Upstream

LPP/Downstream

5,2,2 Laser Diagnostics Facility.

The laser system used for the work consisted of the Nd:YAG-pumped dye laser

with frequency doubling of the dye laser output, as described in Chapter 4.

5.2.3 Detectors

The fluorescence signal from the excited species in the laser focal volume was

imaged with a gated Princeton Instruments intensified CCD camera described in Chapter

3. The light was collected through a Nikon 105 mm f/4.5 UV Nikkor telephoto lens.

A laser beam profiler was used to determine the relative energy distribution in the

laser sheet. The profiler was composed of a Merchantek Wincam 0.5 inch video format

CCD camera with an array size of 782 x 582 pixels (512 x 256 pixels maximum 70 Hz

video readout). A Star Tech Instruments BIP-5100 f/1.3 fluorescent imaging plate and

lens was used to produce an image of the laser sheet cross section on the beam profiler
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array. Thefluorescentplateabsorbswithin a spectralbandin the ultraviolet from 180 nm

to 350 nm, with a linear response from 0 mJ/pulse to 10 mJ/pulse, and emits fluorescence

in the green. Its effective aperture is 30 mm x 40 mm and the magnification is

approximately 8:1. This system was used, both for determining the laser sheet energy

distribution and for monitoring the position of the laser beam.

5.2.4 Laser Beam Path and Positioning Systems

The coordinates are defined as follows and obey the right-hand rule. x is the axial

direction with higher numbers farther downstream, y is the radial horizontal direction

with positive y to the left when looking downstream, z is the radial vertical coordinate

with positive numbers above the zero position.

The beam path illustrated in Figure 5.1 incorporates mirrors 1 - 3 from the flame

tube system described in Chapter 4 and uses up to three additional mirrors. The windows

on the sector rig are located roughly two meters upstream of the window location on the

flame tube rig, so that mirror 3, instead of directing the beam down to the flame tube rig,

redirects the beam upstream (past mirror 2) along the ceiling to mirror 4. Mirror 4 sends

the beam through an f = 3000 mm cylindrical lens down to mirror 5, which is the final

mirror when the laser sheet passes horizontally through the test rig. When employing a

vertical laser sheet, mirror 5 is positioned higher and directs the beam to mirror 6, which

is placed directly above the test rig. Mirror 6 directs the beam down through the

combustor. Figure 5.2 sketches the layout of the beam input
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systems and camera orientation for both horizontal and vertical laser beam insertion. The

total laser beam path length is 25.5 meters.

Mirror 4 is placed on a traversing stage that moves in the streamwise (axial)

direction. Mirror 5 traverses streamwise when using the vertically applied laser sheet,

and traverses radially vertically (z-) for the horizontally applied sheet. Mirror 6 traverses

horizontally in the radial direction (y-). Each camera is mounted on a set of stages to

allow movement in two or three dimensions. When the laser sheet passes through the

combustor horizontally, the camera is mounted above the rig (top view). When the laser

sheet is vertical, the camera is mounted on the side (side view). Motion controllers

control the movement of all stages. Just after the final mirror, a quartz plate is used to

split off approximately 5% of the incident laser sheet, which is directed into the beam

profiler, located at the focus of the laser sheet. The beam profiler and imaging cameras

have their movement coordinated with laser beam positioning in order to maintain

alignment.

5,2,5 position Control

All mirrors in the test cell can be moved remotely with translation stages. Mirrors

2 and 3 are on stages that are designed to translate axially, and radially in the y direction.

These stages are controlled by a Parker-Hannifin Compumotor 3000 four-axis controller.

The y-z translation stages used for mirror 6 or the PLIF imaging camera are controlled by

a Compumotor 4000 four-axis controller. All other translating stages are used with the

remaining mirrors, the laser beam profiler, and the PLIF imaging cameras. Two Aerotech
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Unidex-11 four-axis controllersare used to control those stages. All controllers are

stand-alone devices, and up to twelve stages have thus far been used on any given

experimental run.

To reduce the complexity of positioning the laser beam and detectors, all stages

are controlled with a computer through a program written to coordinate their movement.

The program was written using LabWindows/CVI, a software development tool produced

by National Instruments. The program allows the user to select which laser beam and

detector configurations are used in the test run. The user can specify the type and

orientation of each stage mounted in the test cell and how the stages are connected to the

motion controllers. Based on these selections, the program correctly controls the distance

and direction the stages move. The user can position the laser beam in terms of

rectangular coordinates using fractions of millimeters. Movement of the detectors is

coordinated with laser beam positioning so the images remain in focus. The program

records the coordinates the user enters, as well as any test conditions the user wants to

document, in a file specified by the user. The user can also define an origin, so the

coordinates entered correspond to the position of the laser beam in the test region. The

origin is also recorded, so that it can be reproduced for the next test run or in case a power

failure occurs that results in the loss of the current position of a stage.

5.3 Experimental Procedure

The dye laser, using rhodamine 590, was tuned to one of five rovibronic

transitions in the OH A<---X (1,0) band: RI(10 ) @ 281.607 nm, RI(ll ) @ 281.824 nm,
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R1(12) @ 282.055nm, Pl(8) @ 285.67 nm, and QI(9) @ 284.01 nm. The desired

transitionwasverifiedby directinga smallportionof the laserbeamthroughtheflameof

a propane/airBunsenburnerat atmosphericpressureandobservingthe fluorescencewith

aphotomultipliertube/boxcaraveragersystem.

Thelaserbeamwasallowedto freelyexpandthroughthe beamtransportsystem

(divergence_ 5 mrad). Thebeamwas formedinto a sheetby passingit through a 50.8

mm squarecylindrical lens with focal length 3000 mm, resulting in a sheet with

approximatedimensionsof 25mmx 0.3mm.

The fluorescencefrom OH was collected using the Princeton Instruments

intensified camerasystemdescribedabove. The cameraintensifierwas synchronously

triggeredwith the laserpulse,andwasgatedfor 75nsto 150ns. Thefilters usedwere a

2 mm thick WG-305 Schottglassfilter and a 1 mm thick SchottUG-11 coloredglass

bandpassfilter. TheUG-11 filter passesa peakwavelengthof 340 nm with a bandpass

from 250nm to 400 nm. Thepair transmitsapproximately56%of the incident radiation

in thebandbetween310nm and320nm. Thebandpassfilter alsopasseslight above650

nm. In therangeabove650nm, apeaktransmittanceof 0.27occursat 720nm.

The acquireddataconsistedprimarily of setsof five single-shotimages. Some

on-chip averageswere also collectedat selectedpoints. An on-chip averageis the

integration of the gatedfluorescencesignalon the CCD array over two or more laser

pulses. On-chipaverageswere of 4 shot,5 shot, 100shot,300 shot,or 600 lasershot

duration. The lasersheetwas traversedacrossthe combustortypically at nine positions

in y or z: 0, + 5 mm, + 10 mm, + 15 mm, and + 20 mm. The zero position for horizontal
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lasersheets(z-traversal)is atthe interfacebetweentheupperandcenterdomes. The zero

position for the vertically applied laser sheet (y-traversal) is the plane made by the center

of the window and the test rig centerline. The error in positioning the horizontal beam is

_+ 1 mm; for the vertically applied beam the error in positioning is +_2 ram.

Table 5.2 lists the typical rig operating conditions. The inlet temperature ranged

from 739 K to 844 K, the inlet pressure from 813 kPa to 1450 kPa, and the equivalence

ratio, 4, from 0.44 to 0.57, to produce flame temperatures from 1700 K to 2040 K. The

air flow rates ranged from 1.86 kg/s up to 4.10 kg/s.

Table 5.2 Typical Test Rig Operating Conditions.

Nominallnlet Temperature, K InletPressure, kPa Equivalence Rmio (4)

844 810,910,1030 0.44, 0.50, 0.54,0.57

783 810,910,1030 0.44,0.50,0.54,0.57

739 910,1034,1200 1450 0.44,0.49,0.51,0.57

A complete experimental run in which all data points were taken included five

hours of actual burning. Some tests were incomplete because of technical facility delays

in getting started, shutdowns triggered by high temperature readings on the windows, or

other systems failures. One test run was aborted shortly after lightoff because of a

building-wide power failure.

Beam alignment was monitored through the use of video cameras to observe the

beam location on key mirrors. By covering each mirror mount with white paper, which

visibly fluoresces when the laser beam strikes it, we were able to judge if the laser beam
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movedoff themirror surface.Thebeamprofiler wasalsousedto monitor the lasersheet

location.

5.4 Image Analysis

Standard procedures for handling images include subtracting the background,

removing noise spikes, scaling, and standardization of image display. Two procedures

currently under development are correction for individual pixel response and correction

for laser sheet energy nonuniformity. The procedures being developed will assist in the

drive to provide quantitative fluorescence images, and are necessary for accurate

temperature measurements. Figure 5.3 shows some typical examples of the tools that

were applied and the results of image processing used in this study.

The image magnification and the format for display are determined by the use of a

calibration card, placed at the zero position inside the combustor. The card, called

"flowgo", has known units with which to determine the magnification and describes the

direction of travel of both the bulk combustor flow and of light travel. These directions

are then used to display images according to the defined coordinate system. Among the

rules for display is that flow travels from left to right. Figure 5.3a.1 shows a typical

"flowgo" image and abides by the rules for display. The size of the printed characters is

known, and is used to determine the actual image magnification. Written on the card are

the word "FLOW", along with arrows above and below which describe the air flow

direction. Also written on the card is ",[,hv", which indicates the direction of laser beam

travel through the combustor. Both sets of written descriptions in this example appear
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upside-down and backwards in the image, demonstrating that the camera orientation is

not necessarily consistent with the prescribed rules, and that the image has to be

manipulated to get it displayed correctly. The "flowgo" card is also important because a

camera is not limited to one perspective but can be positioned to look through any of the

four windows. Also, different types of camera may read their arrays differently; so that

even if two cameras are positioned identically, the image orientation may appear to be

different.

Correction of images for laser beam nonuniformity requires knowledge of the

beam intensity profile and knowledge of the location of the beam in each image. For

these experiments, the intensity profile was obtained using the image captured with the

Wincam camera system described previously. An example of a typical beam profile is

displayed in Figure 5.3a.2. Two distinct lines can be seen. These lines correspond to the

thin laser sheet that enters the combustor. Both lines provide energy profiles; however,

the top line is a secondary reflection from the back surface of the quartz plate. The

secondary reflection imposes one of the problems associated with using the beam profiler

to correct an image for laser beam energy non-uniformity. Among the other problems are

handling the different camera magnifications, determining accurately the axial alignment

of the PLIF image with the profiler image, and triggering and timing issues. There is also

uncertainty in the actual laser energy distribution that is associated with the cleanliness of

the input window as a test progresses. Another problem that we have encountered is that

we have not yet determined a method that appropriately deals with abrupt changes in
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intensity, which typically occur at the boundaryof the beam. For these reasons, the

images presented in this report are not corrected for laser beam nonuniformities.

Background subtraction is straightforward. A background image is subtracted

pixel-for-pixel from a PLIF image. There are several types of background image. First is

the baseline, which is simply the minimum pixel value of the selected PLIF image. It is

used typically for procedures involving normalization. Second is an image taken without

a flame, which provides information about laser scattering. Third is an image taken at

flame condition, but without laser excitation. The third type of background image

provides information about the natural chemical emitters in the flame (including the

target PLIF species) and the quality of the optical filters.

The procedure for removing noise spikes (high signal) employs the use of a user-

defined threshold for the difference, A, between the high pixel value and the next highest

in the image. Then, for any pixel having A above the threshold, its value is assigned the

value of the next highest pixel in its histogram neighborhood, and A is recalculated. The

process is repeated until the difference is below the threshold.

Intra-image scaling is used to highlight the low-level features within an image.

The user defines a sub-region within the overall image. The small region is then scaled

based on its maximum and minimum values (self-scaled). The outside region is then

scaled so that its maximum value is the same as the maximum value of the sub-region.

Figure 5.3b shows an example of this process. The image on the left is the unprocessed

image. The only discernible aspect to the image is the predominantly orange-colored

structure at the top of the image. No other structure is visible. The image on the right is
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thesameimageafterit hasbeenprocessedthroughintra-imagescaling. Distinct structure

is now observablein the lowerpartof the image.

Someimagesaredisplayedsothat theyall havethe samescale. They arescaled

basedon the lowestand highestvaluesfound amongall of the imagesto be displayed.

An exampleof this scalingis shownin Figure5.33.

5.5 Results and Discussion

In all images, the direction of flow is left to right. The images are not corrected

for laser energy distribution for the reasons cited in the previous section. For figures that

show a sequence of traversed positions, the images are laid out so that the position -20 is

at the upper left, 0 is in the center, and +20 is at the bottom right. Figure 5.4 is a template

displaying the layout of laser sheet positions for both horizontal and vertical laser sheet

implementation; the direction the laser travels; and the coordinates x, y, and z.

All images are compared qualitatively for several reasons. First, there is no

simple way to calibrate signal strength without a precisely known reference. Second, it is

not always possible to generate the same inlet conditions from day to day, particularly at

the highest inlet temperature. Initial air temperature, heat losses in the facility, and the

operations of other facilities all affect the maximum inlet temperature on a given run day,

as measured immediately upstream of the domes. Third, the center pilot and premixer

domes have different areas, thus different air and fuel flow rates are required of the outer

domes to achieve the same equivalence ratio. Finally, the quality of the laser sheet varies

on a day-to-day basis, especially in terms of streamwise positioning of the beam.
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Figure 5.4 Image layout for traversal of sector combustor.



75

The limited spaceand accesswithin the facility meansthat the opticscannotbe

set up permanentlyin the test cell. Any changein test rig hardware(suchas a dome

changeor replacementof a brokenwindow) or a changein laserbeaminput orientation

requiresa teardownandrebuildupof theoptics. Therefore,the systemsarenever setup

exactlythe sameway twice. We foundduring thecourseof the work that thecombustor

growsaxially about5 mm betweenthe onsetof testrig warm-upthroughlightoff of the

combustor. Thus, traversing stagesto position mirrors 4 and 5 are a necessity.

Temperaturechangeswithin thecell duringthewarm-upprocedurealsotendedto change

the mirror alignment, so that minor adjustmentswere neededto maintain alignment

within thecombustor.

Thewindows survivedthe testruns in goodshape,oftenacquiringa thin coating

of fuel or otherdepositsbutgenerallyacceptableto runagainafterminor cleaning. Some

windows did crack;but thecracksoccurredafteratest,presumablyduring rig cool-down.

After the first occasion,the cooling water supply to the window assemblieswas left on

overnight. However,that hadno apparenteffect. At present,thereis noexplanationfor

window crackinguponcool-down. This situationneveroccurredon the flame tube rig.

Thebesthypothesisfor the failures is that therig doesnot cool down asuniformly as it

warmsup, sothat tensilestressesareappliedto thewindowsbeyondtheir fracturepoint.



76

5,5.1 Effect of Combustion Environment on OH Fluorescence Signal

The fluorescence excitation spectra shown in Figure 5.5 show the typical effect of

the combustion environment on OH excitation lines. The two scans were taken

simultaneously. Figure 5.5a is a fluorescence excitation scan from _, = 281.5 nm to _, =

281.92 nm performed in a propane/air Bunsen burner flame at atmospheric pressure, and

has strong narrow lines with high fluorescent peak intensities (high signal/noise). Figure

5.5b is a scan from the JP-5/air flame at 1450 kPa. For each scan, the signal was

collected through a lens focused onto a photomultiplier and filtered using the

combination UG-11 and WG-305 filters. Both the signal level and the signal-to-noise

ratio are much lower, by approximately 1 - 2 orders of magnitude, in the high-pressure

flame compared to the atmospheric flame. Resolution of spectroscopic features such as

the peaks of the R28/R25 doublet are not as distinguishable in the high-pressure flame as

those at atmospheric pressure. This broadening is due to the increased number of

molecular collisions that occur as pressure increases, and results in an absorption

linewidth that equals or exceeds the laser bandwidth. This leads potentially to a coupling

of the overlap integral with temperature, pressure, and compositional variations within

the flame zone, as discussed in Chapter 2. These factors result in a decreasing

fluorescence signal, Sf, and an overall increase in the optical depth of the flame zone.

With this in mind, we selected weaker excitation lines in order to reduce the attenuation

of the laser beam. There is also some (unquantified) contribution due to the presence of

broadband absorbers and emitters.
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Figure 5.5 Effect of the combustion environment on the OH laser-induced fluorescence

signal. Top: Propane/air Bunsen burner flame at standard temperature and pressure.

Bottom: Nonpremixed JP-5/air flame at 1450 kPa and 880 K inlet temperature.
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Figure 5.6 shows three images at different horizontal positions (and various inlet

conditions) in the combustor, z = 0, z -- -15, and z = -20. Resonant excitation is RI(10).

Below each image is its averaged cross-section from beam input side (bottom) to beam

exit (top). These images show no evidence of attenuation of the incident beam as it

traverses the flow.

Figure 5.7 plots image peak intensity as a function of laser sheet position for a

vertical laser sheet. The PLIF imaging camera is located on the +y side. The plots show

that there is no loss in image intensity as the fluorescence signal travels through a greater

bulk of fluid to reach the camera. For example, the signal that emerges from position y =

-20 must travel through 40 mm additional fluid than does the signal from y = +20.

Although the signal from the lower sheet positions (-z) are on the order of four to five

times less than the uppermost positions, there is no indication of a loss in signal strength

as the fluorescence passes upwards through the premixing jets. Therefore, it is unlikely

that self-absorption via fluorescence trapping occurs for the excitation wavelengths

employed in this study.

5.5.2 Interferences

The single cup study described in Chapter 4 was relatively free from interferences

to the OH fluorescence signal, primarily because the interrogated area was well

downstream of the primary reaction zone. There was little off-line signal; therefore, we

were assured that the observed signal was due to fluorescence from OH. The sector rig,

however, focuses on the area immediately downstream of the fuel injector exit plane. The
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flame is highly luminous,which is indicative of soot and its precursors,polycyclic or

polynucleararomatichydrocarbons(PAH). Allen et al [1994] found PAH to be a major

source of interference to the OH fluorescence signal in the sooting zones of high pressure

heptane-air spray flames. That study found the PAH signal to be as much as an order of

magnitude over the OH signal.

Soot is formed in fuel-rich flames, or in locally fuel-rich regions of an overall

fuel-lean flame, typically above an equivalence ratio of approximately 1.3 [Lefebvre

1983,477]. The tendency of formation increases with carbon-to-hydrogen ratio. Presser

et al [1991] compared atmospheric spray flames using four different fuels. Their flow

visualization of these flames showed a high degree of luminosity in n-heptane and

kerosine. The luminosity of the kerosine-air flame introduced problems in their

measurement of velocity by laser Doppler velocimetry. Focused Schlieren photography

measurements in the sector test rig were also hindered by interferences due to flame

luminosity. The rate of soot formation also increases with pressure. Premixed kerosine-

air flames are not likely to soot below 600 kPa, but do soot near 1000 kPa.

PAH agglomeration generally requires times that are too slow to account for the

interferences encountered in the present study, given that the data is taken immediately

downstream of the injection point. However, aviation kerosines can contain up to 25%

aromatics on a volumetric basis [Coordinating Research Council 1983]. They span a

large range in molecular size and structure; but the aromatics are composed primarily of

single, double, and triple ring compounds. Hence, the aromatic constituents of aviation

kerosines are predominantly PAH. Aromatic compounds are broadband absorbers and
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emitters. Naphthalene, with the molecular formula Cl0Hs, is a major constituent that

absorbs strongly in the region of laser excitation, about 283 nm [Berlman 1971 ].

Figure 5.8 is a graph showing the relative strength of the peak OH signal on

resonance and off resonance at different horizontal laser sheet positions for dome

configurations A and B. The laser sheet is directly in line with the effluent from the LPP

injectors at positions z = +20 and z = +15. The curves clearly show that there is

interference at those positions but that the signal at other positions does result from OH.

The geometry of the system is such that when the laser sheet is inserted vertically, it

intersects the effluent from the LPP injectors. The region below the jets has signal an

order of magnitude less than that of the area near the injectors. To determine if that low-

level signal results from OH, we compared the signal of an off-line image with an on-

resonance image. The results of that comparison are displayed in Figure 5.9. The on-line

and off-line images have been self-scaled in the subregion below the jets based on their

maximum and minimum values, independent of the entire image. Figure 5.9 also graphs

the average on-line and off-line signals over the entire image (left) and in the subregion

(right) at different laser sheet positions. These data show that the signal in the subregion

below the jets is due to fluorescence from OH. In systems using dome configurations C

and D, we found no region that was free of laser-induced interferences resultant from

aromatics.

As previously stated, in regions not aligned with the premixed injectors, the

fluorescence signal is roughly an order of magnitude lower than the off-line signal. This

restricted the overall dynamic range of the images for the OH fluorescence signal because
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the intensifier gain was set low enoughto avoid saturationof the detectorand was

consequentlynotoptimizedfor theOH signal.

5.5.3 General Characteristics

On the time scale of a single-shot exposure (laser pulse width = 7 ns, FWHM,

within a gate time of typically 75 ns), the flow is not steady. Figure 5.10 shows two

series of five single-shot exposures at different laser sheet positions within the combustor

for configuration C. The sheet positions are z = +20 and z = -20. The time between

consecutive exposures is 100 milliseconds, which is the time between laser firings. As

can be seen, images can vary widely from shot to shot.

An important consideration is to determine the number of single shots that should

be averaged together to produce a representative time-averaged sample. The simple way

to ascertain this figure is to average successive shots until there is no change in image

structure. Figure 5.11 shows images at z = 0 averaged over 5, 10, 20, 25, and 600 shots,

respectively. Figure 5.12 is a graph showing the average cross section in the x direction

for each image in Figure 5.11. A 600 shot average results from data collection over a one

minute time window and can be considered an average sample. The graph in Figure 5.12

illustrates that a twenty-five shot average is enough to provide a representative sample.

While twenty-five shots is adequate for a representative average throughout the

span of locations sampled, the number of shots required can depend on the beam position.

For example, when the laser sheet is positioned so that it intersects the effluent of an LPP

injector, fewer shots are required to interpret the flow structure. Figure 5.13 shows that
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only five shots are needed. Although the magnitude of the peaks is different between 5

shots and 300 shots, the trends are identical. This effect is primarily attributable to a lack

of mixing of the jet effluent with its surroundings immediately downstream of the LPP

injectors.

5.5.4 Comparison of Fuel Injector Dome Configurations

Figures 5.14 through 5.29 show images obtained from the four combustor

configurations. Common to all configurations are the combusting jets that arise from the

fuel/air mixture that emerges from the premixing (LPP) upper dome. As noted earlier,

the predominant signal immediately downstream of the LPP injectors is due to laser-

induced interference arising from PAH. Nonetheless, these images show that the jets do

not interact with one another over the distance within the field of view (approximately 25

mm). That observation is important because one undesirable feature of LPP systems is

their greater susceptibility to lean blowout. As can be seen in the succeeding images at

position z = +20, the jets are not always stable, but the fact that the individual fuel

injectors do not interact improves the overall combustion stability.

Each image is scaled individually rather than relative to the other images within a

Figure. Scaling in this manner emphasizes the structure at each location at the expense of

seeing clearly the magnitude of variation in fluorescence signal with position in the

combustor.

Figures 5.14 through 5.17 display sets of images obtained using dome

configuration A (pilot upstream), with d_ = 0.44, 0.50, 0.54, and 0.57. The inlet
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temperatureand pressureare 833 K and 910 kPa, and the laser sheet is inserted

horizontally. Resonant excitation is Rl(10 ). The z = +20 and z = +15 positions show the

structure of the LPP jets as they emerge from the dome. As the laser sheet is moved

down to z = +10, a more uniform distribution of OH is observable, indicating that the

laser sheet is no longer directly in line with the LPP injectors. All positions at z = +5 and

below display a fairly uniform distribution of OH, with increasing uniformity as the

equivalence ratio is increased. Figure 5.18 shows data obtained using a vertical sheet and

RI(10) resonant excitation. Ti, = 844 K, Pin = 910 kPa, and _ = 0.44. In the interface

region between the top LPP and center pilot domes, the OH concentration increases with

height in the combustor. This trend may be the result of buoyancy within the combustor,

inefficient mechanical distribution of the fuel and air, or may occur from expansion into

the larger volume just beyond the top and bottom domes. Because the field of view is

limited, further experiments are required. Analytical work suggests that buoyancy is

minimal, because the axial velocities are higher than any gravitational effect could

overcome. Experimentally, the thermocouple readings from the instrumented window

plugs (see Chapter 3), show higher temperatures on the top plug than on the bottom plug.

The interface region between the middle and bottom domes becomes optically accessible

by rotating the combustor housing 180 degrees. This access would then allow a study to

be performed which can help to determine the factors important in trends we see.

Figures 5.19 through 5.22 show images obtained with dome configuration B (pilot

downstream) at Tin = 824 K and Pin = 910 kPa, using a horizontal laser sheet with

resonant excitation of Rt(12). The equivalence ratios are _ = 0.44, 0.50, 0.54, and 0.57.
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Distinctjets canbeseenat thez = +20andz = + 15 positions. While there remains strong

evidence of the jets at the z = +10 position, additional signal is present on the -y side of

the images, probably due to pilot interaction at this point. At z = +5, the strongest OH

signal is on the -y side of the images for all equivalence ratios above _ = 0.44; at 4) =

0.44, presence of the premixing jets is still evident. The z = 0 plane is similar to the z =

+5 position, but appears more uniform overall. At the z = -5 position, with d_ = 0.44,

distinct structure can be seen, which may be an indicator of the direction of air swirl from

the pilot. The other equivalence ratio cases in this plane indicate a more uniform

distribution of OH. The z = -10 and z = -15 planes are very similar overall to the

preceding sheet location.

For all of the images that show structure and a relatively high fluorescence signal

compared to its surroundings, there is a diagonal region that appears to move from the -y

t

side of the image to the +y side in a streamwise sense, possibly indicating

counterclockwise swirl in the streamwise direction. This observation was confirmed by

test facility operations personnel [Morgan 1996].

Figure 5.23 is typical of all sets in dome configuration B taken at Tin = 771 K and

Pin = 813 kPa. The equivalence ratio is 0.50. Again, resonant excitation is R1(12). The z

= +10 position shows clearly two distinct jets. Note that at the higher inlet temperature

just described, the LPP jets could be seen at z = +10, but there was interaction with the

pilot. The lowest inlet temperature (Tin = 729 K) also produced images similar to those

seen in Figure 5.23.
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In comparing dome configurations A and B, the effect of the pilot injectors on the

LPP injectors is apparent. Configuration B with the pilot in the downstream position

does not interact with the LPP injectors until farther downstream, out of the field of view

of the windows. Hence, jet breakup is absent at z = -5. Configuration B allows us some

detail of pilot behavior. The effect of swirl on the flame structure is apparent when the

dome is downstream, but not at all obvious when it is upstream. These results emphasize

the importance of having the ability to shift the domes with respect to the windows,

which allows the flame structure farther downstream of the fuel injectors to be observed.

The ability to traverse the laser beam to different areas in the combustor has similar

value, as demonstrated by the images obtained.

Configurations C and D utilize the lean premixed prevaporized center dome, thus

rendering the entire combustor LPP. In all images, the predominant signal is due to

aromatics rather than to OH. The images in Figures 5.24 through 5.27 are from the

combustor operating with the center dome in its upstream position, configuration C, using

a horizontal laser sheet and Rl(12) excitation. The inlet temperature and pressure are 821

K and 910 kPa. The equivalence ratios are 0.44, 0.50, 0.54, and 0.57. In all cases, the

fluorescence signal becomes more uniform with increasing equivalence ratio. As

expected, there is strong signal in the region in front of the jets, including the region

below z = 0. In those planes below z = 0, considerable jet cohesiveness, structure, and

off-line interference signal remain. These images provide further evidence of little

interaction between the individual LPP flames. They also suggest that because such

structures are seen approximately 5 cm downstream of the injector exit, this system does
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not truly premix the fuel and air very well. The images at z positions +5, 0, and -5

correspond to the interface region between the upper and center domes and have

generally appeared uniform with this combustor configuration. Although the images are

uniform, the signal strength is six to seven times lower when compared to images at other

z positions. Recall that each image within a figure is self-scaled, so the apparent strength

of signal in the interface region is an artifact of scaling and image display. The artifact

becomes clear when a vertical laser sheet is used (see Figure 5.28).

The images obtained with a vertical laser sheet display a characteristic not seen in

the combustor configurations that used a pilot. Figure 5.28 is representative. The inlet

temperature is 821 K, the pressure is 910 kPa, and _ -- 0.53. Laser excitation is RI(12).

A small area of moderately high intensity appears in the center region between the LPP

domes, around the z -- 0 to z = -10 positions. It is possibly a secondary combustion zone

resulting from air that leaks in between the top and center domes Again, regions of high

intensity are seen downstream of the center LPP injectors.

Those images obtained from configuration D (center LPP dome upstream) with a

vertical laser sheet (Figure 5.29, with Tin = 822 K, Pin = 910 kPa, d_= 0.44, and Q1(9)

resonant excitation) show that the signal resultant from the positions that lie in front of

the center dome LPP injectors (z = -20 and z = -15) is greater than at positions directly in

line with the top dome LPP injectors (z = +20 and z = +15). Recall that the area of the

center dome is larger than the area of the outer domes. The increased signal from the

center reflects the larger absolute number of aromatics because proportionately more fuel

is injected in that location.
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5,6 Additional Considerations

Plots of peak signal vs. equivalence ratio (Figure 5.30) show some interesting

trends. For _ < 1, one expects to see the fluorescence signal increase with increasing

equivalence ratio. The mole fraction of fuel increases, ergo intermediate species

concentration increases. In general, the data adheres to that rule, although the percentage

increase is low when compared to the increase based on calculation of the adiabatic

equilibrium concentrations. The increase between _ = 0.44 and _ = 0.57 is typically on

the order of 150% to 200%, versus a 360% to 410% theoretical increase. Most of the

discrepancy can probably be attributed to pressure affects on the OH fluorescence signal,

as demonstrated by the excitation scans presented earlier. The expected trend is not

necessarily followed, however, when the laser sheet intersects an LPP injector. (As seen

in Section 5.5.2, the signal from the LPP injector is due mostly to PAH.) At those

positions, there is no general trend. In some cases, the signal increases with _, and in

other cases, the signal decreases as _ increases. In still other cases, the tendency is

oscillatory. These effects may be a function of chemistry, kinetics, flow phenomena, or

some combination of factors. Preliminary comparison of image appearance as a function

only of pressure or temperature does not provide an answer. More detailed analysis is

required to explain the observed results. It may also be useful, when conditions are

acceptable for the windows, to extend the range of equivalence ratio and observe the

fluorescence response.
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Figure 5.30 Representative plots of fluorescence signal as a function
of equivalence ratio and position for dome configurations A, B, and C.
The laser sheet is horizontal in each case.
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An observation that cannot presently be explained is demonstrated in Figure 5.31,

which plots fluorescence signal versus equivalence ratio for two excitation lines, Pl(8) (_,

= 285.67) and Ql(9) (_, = 284.01). These data were taken under the same inlet conditions

during the same test run and were composed of 100 shot averages. The inlet temperature

was 775 K and the inlet pressure was 814 kPa. Both graphs show a drop in signal from d_

= 0.44 to d_ = 0.50, but from that point they differ. Q1(9) continues on its downward

trend, but the Pl(8) curve reverses and the fluorescence signal begins increasing with d_.

One possible explanation is that one of the excitation lines is sensitive to temperature, and

this sensitivity becomes apparent around the combustion temperature corresponding to d_

= 0.5 (flame temperatures are 1860 K to 1900 K for the range of inlet temperature and

pressure). Another explanation could be that the Pj(8) line is near the edge of or removed

from the absorption region of any of the aromatics in the fuel, whereas the Q1(9) line is

being absorbed by PAH. A third possibility considers chemistry and kinetics in

conjunction with temperature and spectral sensitivity. A reaction may have achieved

sufficient activation energy at an equivalence ratio of 0.5 to pyrolize more of the fuel and

to promote formation of OH. (This hypothesis would be reflected by the P1(8) curves.)

Another reason may be due to flow phenomena, although this reason seems unlikely,

because the data were taken under the same combustion environment with a sufficiently

large sample. Further study is needed to explain the differences.



5,7 Comparison with Analytical Results

Analytical data under similar
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inlet conditions yield results similar to the

experimental. Figure 5.32a is an image taken at Tin = 834 K, Pin = 910 kPa, _b= 0.44 and

y -- -10 in dome configuration A. Figures 5.32b and 5.32c are the predicted OH and

temperature distributions for configuration A at Tin = 867 K, Pin = 1034 kPa, and _ =

0.58. The CFD results are displayed to match the field of view of the fluorescence data.

The computational data [Deur 1995] confirm that the fluorescence signal that arises from

the LPP injector does not emanate from OH. CFD also verifies that little interaction

occurs between the LPP jet with its immediate surroundings. In fact, the temperature

contour suggests that the fuel is being vaporized rather than consumed. Another

similarity is that the area of highest OH concentration lies in the region just downstream

of the pilot dome. One difference of note is that although the CFD results show the LPP

jet rising as it travels downstream, the experimental data do not. Rather, the jet appears

to maintain a parallel course, a pattern that is generally repeated in the experimental data

for all configurations and all inlet conditions.
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5.8 Other Flow Visualization Methods

Advantage was taken of spectra emitted by other species in the flame and used to

say more about the system than can be explained by OH fluorescence spectroscopy alone.

The constituent species examined was that of C2. Most of the visible emission is from

C2, which has bands from 400 nm to 600 nm [Gaydon 1948]. Figure 5.33 shows images

taken at Tin = 833 K and Pin = 910 kPa for equivalence ratios _ = 0.44, 0.49, and 0.54

using dome configuration A. Light was collected through the f/4.5 UV Nikkor lens used

for the PLIF images. These images were acquired using the Princeton Instruments ICCD

camera without gating. An Andover 488FS03-50 narrowband filter was used, centered at

488.3 nm with a bandwidth of 2.7 nm FWHM. The shutter speed was 5 ms. The camera

was oriented to observe the flow near the interface region between the top and center pilot

domes, as with vertical PLIF. The images show an expanding jet emerging from the LPP

dome. While the signal strength increased with q_, the relative visibility of the jet

decreased. Recall that the PLIF results do not show dispersion of the fuel/air mixture as

it emerges from the injectors. OH images should look similar to the C2 images in the

region near the jet, but the strong signal from PAH probably overcomes the smaller OH

signal. Observation of the naturally occurring OH fluorescence in the flame, using a

narrowband filter centered around 313 nm, may provide confirmation.

The image shown in Figure 5.34 was taken at Tin _ 730 K, Pin _ 950 kPa, and _ =

0.43. The camera was the Photometrics Star 1 CCD camera described in Chapter 3.

Again, the lens was the UV Nikkor lens, which was filtered with an Andover 532FS03

narrowband filter centered at _, -- 532.4 nm having a bandwidth of 2.9 nm FWHM. The
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shutter speed was 100 ms. The image was taken just after lightoff of the combustor. The

long exposure allowed observation of the flow from the pilot region as it curled upward

in front of the top dome. The C2 image agrees with the OH PLIF images and the CFD

calculations in the region downstream of the pilot dome, reflecting a temperature rise near

the bottom edge of the top dome.

Another molecular system that may be useful and that is reasonably accessible

includes direct excitation of the C-H bond in the fuel. PLIF of CH would provide

images of the fuel-rich side of the flame zone, and can help assess the quality of the

premixing within the LPP dome. CH can be excited in its (0,0) band, at about )_ = 428

nm, with detection around )_ = 431 nm. Alternatively, the naturally occurring

fluorescence can be observed, again at around _, = 431 nm.

5.9 Conclusions

This study provides the first images of OH via Planar Laser-Induced Fluorescence

in the primary combustion zone of a gas turbine combustor burning high flash point

kerosine, JP-5. These images were taken under conditions of high pressure and high inlet

temperatures, simulating a variety of engine operating points (e.g. cruise, idle) expected

in a future combustor for flight applications.

We have seen that discerning the OH signal from PAH in a "premixed" high

pressure flame system is problematic, depending both on the orientation of the laser sheet

and on the orientation of the fuel injector domes. When probed close to the premixer

exit, the PAH signal exceeded that of OH. While this finding is troublesome, it does
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providevaluableinformationaboutthestrengthsandlimitations of the technique in these

and similar applications.



CHAPTER6

CONCLUSIONSAND RECOMMENDATIONS

6.1 Conclusions

An optical diagnostics facility was built to assist in the design and analysis of fuel

injection systems for aviation gas turbine combustors.

PLIF of OH was used to observe the flame structure within the post flame zone of

a flame tube combustor and within the flame zone of a sector combustor. OH was

selected for measurement because it is a major combustion intermediate, playing a key

role in the chemistry of combustion, and because its presence within the flame zone can

serve as a qualitative marker of flame temperature. All images were taken in the

environment of actual engines during flight using actual jet fuel: idle, take-off, landing,

and cruise. These are conditions at which laser-induced fluorescence has previously been

untried.

The flame tube combustor used a variety of lean direct injection multipoint fuel

injectors and air swirl angles. PLIF of OH revealed the flame structure within the

combustor for different fuel injector configurations and showed nonuniformities that had

not previously been known to exist. The images from these experiments resulted both in

the selection of an optimum number of injection points and in modifications to the design

of a fuel injector to improve its resultant combustion characteristics.
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PLIF imagesweretakenin theprimaryzoneof the sectorcombustorfor a variety

of fuel injector dome types and positions. The two dome types were lean premixed

prevaporized and lean pilot cyclone injectors. Interferences to the desired OH

fluorescence signal were encountered and have been attributed to polycyclic aromatic

hydrocarbons, which make up 25% of the jet fuel. These interferences were observed

primarily in the effluent from the LPP injectors. We saw that the flame from each fuel

injector was generally self-contained, that is, there was little or no observable interaction

between individual LPP injectors, and limited interaction between the pilot spray-swirl

injectors and the LPP injectors. These results confirmed the goal of the combustor

designers. We also observed as yet unexplained trends in fluorescence signal as functions

of equivalence ratio, temperature, and pressure.

Comparisons were made between the PLIF data and the results of computational

fluid dynamics for selected configurations of both combustor test rigs. In each case, the

results were qualitatively similar.

In addition to using PLIF in a true diagnostic sense for hardware designers, the

data obtained in the sector rig may be useful to chemical kineticists and combustion

modelers. For example, the dependence of the fluorescence signal on equivalence ratio,

pressure, and temperature might provide insight on chemical reaction rates.

6,2 Recommendations for Future Work

The following suggestions are presented for PLIF applied to this and similar

combustion environments. First, fluorescence emission and flame emission scans using a
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spectrometerwould beuseful,thoughnot alwayspracticalto implementbecauseof cost,

logistics, scheduling,et cetera. Spectrawould help to identify areas of potential

interferencesandpotentialopportunitiesin the selectionof excitationand,particularly, of

detectionschemes.The scanscanaid in the choiceof the filters usedandthe detection

timing (gate). Resultsof thescansmaydictatetheuseof a secondcamerato detectother

species.

The previous recommendationmay not be possible, so one alternative is to

examineotherfilter options. For example,anarrowbandinterferencefilter mayeliminate

many of the interferencesencounteredin the sector studies. Becausedesignersuse

averagecharacteristics,time-integratedPLIF imagesarereasonable,andthe limited light

collection efficiency for narrowbanddetection comparedwith broadbanddetection

becomeslessimportant.

A secondrecommendationis to run with windows farther downstreamof the

primary flame zone to get a larger picture of the overall flame structure. It is also

important for information concerningmixing and for eliminating effects of aromatic

interferences. If the interferencescan be avoided or eliminated, then temperature

measurementsvia PLIF maybepossible.Optical probesprovidetheonly mechanismfor

in situ temperaturemeasurementbecausephysical probes will not survive at the

temperaturesencounteredwithin the primary flame zone. We saw in the flame tube

studies(in which the windows were downstreamof the primary combustionzone) that

the environmentwasfairly clean. Suchanenvironmentwill alsoallow the possibility of

temperatureimaging.
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Direct fluorescenceof the fuel (C-H bond) in addition to OH natural and laser-

induced fluorescence data can help to assess the quality of premixing in the LPP dome.

CH provides images of the fuel-rich side of the flame zone. It can be excited in its (0,0)

band, _,c×c _ 428 nm, with detection around _. -- 431 nm. In addition, the possibility of

making concerted use of the aromatics as fuel markers, which would then fill a similar

role to that of CH, should be investigated.

We found potentially useful kinetics information in the sector combustor. Further

work to determine the unknown factors affecting the fluorescence signal strength includes

investigating higher equivalence ratios if the windows can survive the environment to see

whether the observed trends continue.

For spray flames, Mie scattering may be used to assess whether or not the fuel is

fully vaporized. Mie scattering may also address some of the uncertainty in the fuel/air

mixture in the LPP dome. Use of excitation and detection near )_ = 283 nm will not

require a change in laser beam path hardware from that used for PLIF of OH.



APPENDIXA

DETERMINATION OF THE APPROPRIATENUMBER OF SHOTSFORAVERAGE
CHARACTERISTICS

We desirethe smallestnumberof integratedshotsto representthe time-averaged

distribution of OH. The minimum is required so we most efficiently use the time

available for testing. A limited numberof test runs is available,and the total time to

collect dataduringeachtestrun is finite. As anexample,600 shots,which is considered

a representativeaverage,requiresapproximatelyone minute to obtain (600 shots+ 10

shots/sec). If one performsa full traverseof nine positions, then about 10 minutes is

required. To thencollect dataat five equivalenceratiosfor a givensetof inlet conditions

(T, P) will take50minutes,not including thetime requiredto reachtheappropriateinlet

conditions,to recordnon-resonantimages,or to compensatefor any technicalproblem

that mayoccur.

A sum of squaresanalysiswas performed on imagesat one test point that

included 5, 10, 20, and 25 integratedlaser shots,using a 600 shot imageasthe "true"

integrated average. Each image was first normalized by removing the baseline

(background)from each pixel value, then dividing the resultantvalues by the span

(maximum - minimum) of the respectiveimage. The sum of squares,SS, is then

computedby
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ss--Z(z600-z):
array

where I is the normalized pixel value that is compared with the "actual" 600 shot value,

1600. The criterion for acceptability was 5% total error (from the maximum normalized

value of 1.00) at each pixel. Given the 384 x 576 array used, the corresponding sum of

variances is _--_(0.05) 2 = 553. The results are displayed in the following table. As can be
ar_

seen, the 25 shot image is the only approximation that meets the criterion.

Table A. 1 Results of Sum of Squares Analysis.

number ofaveraged shots sum ofsquares %error

5 4473 14.2

10 1495 8.2

20 742 5.8

25 302 3.7



APPENDIXB

LASERBEAM TRAVERSESYSTEM

This appendix describes the laser positioning system and beam traversing

program. FiguresB.1throughB.3 areincludedfor reference.

B.1 Motivation

From an operational viewpoint, in addition to the requirement to operate the lasers

and detection equipment in a location removed from the test rig hardware, the combustor

test facility has limited physical access. As one progresses away from the wall separating

the control room from the test cell, the distance between that wall and the centerline of

the flame tube rig is 1.4 m, the distance between centerlines of each test rig is 2.3 m, and

the distance between the sector rig centerline and the outer test cell wall is 2.7 m. The air

preheater, piping, valves, and other supporting equipment also require a substantial

amount of space. The apparatus used for laser and other optical diagnostics is bulky, and

the detectors necessarily are positioned as close to the appropriate test rig as possible.

With the aforementioned in mind, and the impossibility of permanently mounting the

hardware out of the way, diagnostics equipment must be mobile in order to provide

mechanical access to the test hardware itself.
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In addition to the overall mobility requirements, because we insert the laser sheet

both vertically and horizontally and because we plan for the use of single point and linear

measurements in addition to the two-dimensional work, the mounting equipment should

be adaptable.

For those reasons, we designed a positioning system that incorporates the

versatility that will allow us to adapt to future needs. With the exception of three stages

affixed permanently to the test cell ceiling, all stages are removable and can be mounted

together (in tinker-toy fashion) to provide any desired motion.

The core of the traversing system is composed of the traversing stages and their

controllers. Presently, four 4-axis controllers are used, providing for a maximum of

sixteen stages. Two of the motion controllers are Aerotech's Unidex 11. The other two

motion controllers are Parker Hannifin's Compumotor 3000 and 4000. Capabilities vary

for each model, and each set of programming and operating rules is unique.

The stages are produced by several manufacturers, and each stage has different

characteristics. A stage's motor moves the platen in pre-defined increments called steps,

and the ratio of steps to millimeters varies for each stage. The platen can move either

towards or away from the motor, and the direction is specified by using a positive or

negative number for the distance to travel. However, the orientation is different for each

stage. Each stage also has its own (typically unique) pre-defined home position. The

home position is a factory-set position to which the stage will always return when the

"move home" command is issued.
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In order to reduce the complexity of the diagnostics hardware setup and data

collection, a computer program was written to control all aspects of stage use. These uses

include the ability to align precisely the laser beam and detectors, both before and during

a test run, and to traverse the beam to several positions within the flowfield while

collecting data.

B,2 Attributes of the Motion Control Program

The program was designed to accommodate all potential diagnostic applications.

It can be used for experiments performed on either the flame tube or the sector rig

(referred to as stands 1 and 2 in the program to allow flexibility for future use of each test

stand). The program allows any stage to be used with any controller, provided that the

driver and motor are electrically compatible. Newly acquired stages can be added to the

system at any time.

The program also provides a coordinate system within the test cell. The

coordinate system provides a uniform standard, which simplifies orienting and describing

the motions of the stages, and makes the data reduction processes easier. Up is

designated by positive z. x follows the direction of bulk flow through the test rig, and

increases in value as one travels downstream. Following the right-hand rule, positive y is

to the left as one looks downstream.

The program incorporates a graphical user interface, designed to simplify setup

and alignment by grouping stages according to their experimental application. The user

indicates which test stand, laser beam orientation, and beam shape (point, line, or plane)



134

to use. The programthen determinesthe appropriatestagegroupsto meet the user-

definedrequirements.

B.3 Proeram Functions

Once the user selects a laser beam configuration and a stand, three main functions

are available. The first function is Stage Setup, which allows the user to specify where

the stages are mounted in the test cell and how they are connected to the motion

controllers. The second and third functions are Alignment and Traversal, which allow the

user to position the stages. In Alignment, the user has control of each individual stage,

which allows the laser beam and detectors to be aligned. Traversal coordinates the

movement of several stages simultaneously and is used to position the laser beam and

detectors while collecting data.

B,3.1 Stage Setup

The Stage Setup function provides to the program the necessary information for

correctly controlling the stages. The program needs to know which stages are used,

where and how they are mounted, and how they are connected to the motion controllers.

The user refers to a particular stage by a predetermined name. The program associates

this name with a conversion factor specific for that stage. The conversion factor

incorporates the number of steps per millimeter and whether positive numbers move the

platen towards or away from the motor. For example, two of the stages are named

Godzilla and Monster X. For both stages, 3500 steps equals one millimeter and positive
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numbersmove the platentowardsthe motor. Therefore,the conversionfactor for each

stageis -3500. The conversionfactor for threeotherstages(Larry, Curly, and Moe) is

5000 becausefor thesestages5000 stepsequalsone millimeter and positive numbers

movetheplatenawayfrom themotor.

For a givenlaserbeamconfigurationandtestrig, theprogramlists all thepossible

locationswhere stagescould be used. Each location representsa set of stages. For

example,up to threestagescanbeusedto positiontheCCD camerathat acquiresthe OH

fluorescenceimages. Onestagecould movethecamerain thex direction;anotherstage

couldmovethe camerain they direction;andathird stagecouldmove thecamerain the

z direction. Collectively, thesestagesarecalled the "CameraStages",andthe program

asksfor information about all threeof them. For eachpossible stagein a particular

location the userselectsthe nameof the stageused,the motion controller and axis to

which it is connected,andits relativepositiveor negativeorientation. The orientationof

a stageis derivedfrom thepositionof themotorrelativeto theplaten. If travel from the

motor to the platenis in the directionof increasingcoordinatevalue, then the stageis

positively oriented. Otherwise,the stageis negativelyoriented. If no stageis used,then

the userselectsUNUSEDasthe stagename. Continuingtheexampleabove,if Monster

X andGodzillaareusedto positionthecamera,Godzilla in they directionandMonsterX

in the z direction, then Godzillaand MonsterX areselectedfor y and z. UNUSED is

selectedfor x becauseastagein thex directionisnot used.
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Onceall selectionsaremade,theprogramknowshow to controlthemovementof

everystageusedin thetest cell. This information is savedto a file andrecalledthenext

time theprogramis used.

B.3.2 Alignment

The Alignment function enables the user to control individually the positioning of

each stage, so the mirrors and detectors are aligned properly. Additionally, Alignment

allows the user to define an origin within the test region. First, all stages are returned to

their home positions. The stages are then moved, one at a time, until the beam passes

through the zero position and all detectors are in focus. Finally, the user indicates that

this position is the origin.

The stages are grouped by location. To move a particular stage, the user enters

the desired position, then the program sends the "move" command to the appropriate

motion controller. The position is an offset from the home position and is specified in

fractions of millimeters. To set the origin, the program commands the motion controllers

to reset the current positions as zero for each axis used. The origin is recorded by saving

to file the offset from the home position for every stage. The origin is saved so it can be

reproduced for the next test run or in case the position of the stages becomes unknown.

B.3.3 Traversal

The Traversal function enables the user to position the laser beam within the test

region so images can be acquired at various locations. The program moves the proper
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stagesso that the laserbeammovesto the specifiedposition andthe detectorsremain

focusedon the designatedfocal volume. Planar laser beamscan be moved in one

dimension,andlinearbeamscanbemovedin two dimensions.Laserbeamsfocusedto a

point can be positioned in three dimensions. Positions are specified in rectangular

coordinatesusingfractionsof millimeters. Eachpositionis recordedin a file specifiedby

the user. The usercanalso saveto this file any information that may be importantor

useful.

B,4 Program Workings

All of the motion controllers were designed so that they may be operated directly

from their control panels or operated remotely from a computer. The computer and the

motion controllers communicate via the IEEE-488 interface bus, also known as the

General Purpose Interface Bus (GPIB). This interface bus is a widely used method for

communicating between scientific instruments. Eight bits of data are transmitted in

parallel by one instrument, and those eight bits are received in parallel by another

instrument using the protocol defined in the IEEE Standard 488. All of the instruments

are connected using GPIB cable into one network, and each instrument is assigned an

address. An instrument communicates with another by attaching the proper address to its

message, and an instrument only accepts messages with its own address attached.

A GPIB board and software, manufactured by National Instruments, installed in

the computer allow the computer to communicate with the motion controllers using the

GPIB protocol. Both of the Compumotor motion controllers are equipped with GPIB
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capability. TheUnidexmotioncontrollers,however,usetheRS-232interfacebus,which

is anothercommoninterfacebus. Dataaresentand receivedone bit at a time usingthe

RS-232protocol. National Instrumentsmanufacturesa devicethat convertsfrom the

GPIB protocol to the RS-232 protocol and vice-versa. Two convertersare used to

connecttheUnidexcontrollersto theGPIBnetwork,onefor eachUnidex.

The programwaswritten usingLabWindows/CVI,a softwaredevelopmenttool

producedby National Instruments. LabWindows/CVIprovidesaneditor, compiler,and

debuggerfor writing and testingC programs. Also provided are functions to createa

graphical, Microsoft Windows-basedinterface for the program and functions to

communicatewith otherinstrumentsusingtheGPIBprotocol.

The programconsistsof threemajor elements. The setof all the functionsthat

directly control the motion controllers (device drivers) is one element. The second

elementis the graphicaluserinterface,which includesthe controlpanelsoperatedby the

user. LabWindowsautomaticallyhandlescontrolpanelmanagement(sizing,positioning

within the display,opening,closing,etc.). The third elementconsistsof the functions

executedwhenthe useroperatesthecontrol panels. Among thesefunctionsaresending

thecommandsto movethestagesandprocessingthesetupinformation.
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